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IntrodutionMehanial Ventilation is required in the ase of respiratory failure as patients loose theirability to breathe spontaneously. In the early stages of mehanial ventilation, patientswere plaed in a steel hamber, alled iron lung, where a negative pressure was appliedto the lung in order to mimi spontaneous breathing. In this form the iron lung providesnon-invasive ventilation. Due to several disadvantages and side eets suh as restritedmotion of patients and hindered aessibility by medial personal, the iron lung was almosttotally replaed by positive pressure ventilation. Sine its introdution in the 1950s inthe ourse of the poliomyelitis-epidemi, positive pressure ventilation has been provento provide a live-saving therapy in intensive are mediine [111℄. Mortality rates wereredued dramatially.Nevertheless, mehanial ventilation, when applied over longer period of time may alsobe a potential risk for life. Positive pressure indues large shear stresses in the lung tissuewhih an lead to Ventilator Indued Lung Injury (VILI) suh as Volu-1 and Barotrauma2[61, 109℄. Reasons for these lung injuries are strongly alternating pressure levels and thelung struture itself whih is highly inhomogeneous and anisotropi. Consequently, alsolung injury is not uniform as indiated by X-ray Computed Tomography (CT) images[37,73,95℄. These referenes have shown that some regions are severely aeted by auteinammation and ateletasis3 whereas others appear to be ompletely spared. Aetedareas are haraterized by a lower ompliane espeially, with ateletasis. Time onstantsof dierent regions, i.e. lling and emptying times, vary largely. Pulmonary harateristisdier regionally, leading to a further inhomogeneous distribution of air during mehanialventilation [19,114℄. Consequently, ventilation leads to overdistension of the healthy partswhereas ateletati regions might remain ollapsed. Additionally, frequent reruitment(opening) and dereruitment (ollapse) of lung parts further damages lung tissue.Neonates, i.e. premature infants whose lung might not be fully developed, have higherrisks for potential lung damages. The reasons are that the artilaginous rings, whihare sti in adult lungs, are soft in the early days of life. Surfatant, a substane whihdereases surfae tension, an be missing. This leads to dereased lung ompliane andhigh risk of ateletasis. The lungs of newborns are per se haraterized by very lowompliane, whereas the resistane due to pressure loss is higher than in adult lungs [29℄.Therefore, hildren also have a higher risk of barotrauma during mehanial ventilation.The aim of this work is to ontribute to a more protetive ventilation by fundamental1Lung damage by overdistension during mehanial ventilation2Lung damage by too high pressure during mehanial ventilation3ollapse of alveoli 2
Introdutionphysial understanding of the lung ventilation funded by the Deutshe Forshungsge-meinshaft DFG with the projet BR 1494/7-1. Therefore, the understanding of masstransport in the human lung under normal breathing onditions as well as in diseasedlungs needs to be improved, whih is the purpose of this work. This projet is part of theinterdisiplinary researh group Protetive Artiial Respiration where medial sien-tists and engineers work losely together. Our medial researh partners are Prof. GeorgSimbruner (Division of Neonatology, Clinial Department of Pediatris, Innsbruk MedialUniversity, Austria) and Prof. Mario Rüdiger (Department for Neonatology and PediatriIntensive Care Mediine, Carl Gustav Carus University Hospital, Dresden, Germany).For the engineering part, whih is subjet of this work, a lung model was generated, atwhih the ow ould be investigated experimentally by means of Partile Image Veloime-try (PIV)-measurements and numerially by Computational Fluid Dynamis (CFD). Dif-ferent breathing and ventilation onditions, respetively, were simulated. For these ases,the model is haraterized by a rigid airway struture. In an extended model, the aseof an ollapsed lung was simulated and reruitment (reopening) behavior was investi-gated. A exible boundary was integrated, whih mimis the nonlinear pressure-volumebehavior of the human lung. The last study deals with liquid airway blokages, as theymight our by inreased muus prodution or ollapsed airways. Steady streaming ata liquid-air interfae and break up of liqid bridges was investigated by means of optialow visualizations. Therefore, a simplied model, onsisting of a liquid lled tube, wasutilized.
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2 State of the art
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Figure 2.1: Shemati of the human lung lobes.During spontaneous breathing, the diaphragm, a thin musle whih separates the thoraifrom the abdominal avity, ontrats, whih auses a negative pressure (relative to theambient pressure) within the lung and thus, the inhalation. During relaxation of thediaphragm the expiration takes plaes. That means, the pressure in the lung rises up tothe ambient pressure outside of the body.Within the respiratory system (Fig.2.2) the air passes the mouth or nose rst followedby the pharynx and larynx (the onnetion between pharynx and trahea, not shown inFig. 2.2), the trahea, the bronhial tree and nally, at the end of the bronhial tree,the alveoli, at whih the gas exhange takes plae. The typial diameter of the alveoli isabout 250µm [115℄ and they are oated by a thin lm (about 1µm [115℄) alled surfatant- surfae ative agent - whih redues the surfae tension and inreases lung ompliane.Thereby, surfatant prevents the alveoli from ollapse and redues the potential to damagethe airways.Within the bronhial tree, the air passes 23 dihotomi generations until it reahes thedistal ends, i.e. the alveoli. The top of the bronhial tree is the trahea. It is a exible5
Introdution
Figure 2.2: Shemati drawing of the respiratory system, aording to Kleinstreuer etal. [58℄.tube whih an extend up to 60% in ross setional area when inated to 6 kPa [70℄.The average trahea length is between 10 − 13 cm [8℄ and it onsists of 16-20 C-shapedartilage rings [4℄ whih are open to the dorsal (bak) side of the lung. The rings preventthe trahea from ollapse during breathing. The tips of the C-shaped rings are onnetedby an elasti musular membrane [102℄. In neonates, the artilage rings are still verysoft. In diseased lungs, where the lower regions have a low ompliane, a large amountof air is trapped in the trahea as mehanial ventilation is applied. The behavior of thetrahea an be ompared to the Windkessel eet, well known for the aorta in the arterialirulation system. Hene, the alveoli are only insuiently supplied with fresh air. Thiseet has been observed by our medial partner. The inside of the trahea is oated bymuus and epithelial ells whih are responsible for muus transport [4℄.The trahea bifurates into the left and right main bronhus (see Fig. 2.1 and 2.2)whih further bifurate down to the 23rd generation. The rst 16 generations form theonduting zone (Fig. 2.2), whih is dominated by inertia and onvetive mass transport.The lower generations 17-19 form a transition zone, followed by the respiratory zone(generation 20-23), where the gas exhange takes plae [116℄. In the lower branhes,espeially from the 17th generation on, mass ow is dominated by diusive transport6
Introdutionmehanisms due to very low veloities. The reason for the hange in mass transport isthe exponential inrease of the total ross setion area from the 17th generation on. Atthe 23rd generation the alveoli form a total ross setion of more than 10000 cm2 [116℄.In ontrast, at the trahea the ross setion is only 2.5 cm2 and even slightly dereasestill the 3rd generation. The average dead spae of the human bronhial tree is about
150ml [4, 116℄.The data from Weibel [116℄ are based on statistial analysis of a human lung ast andrepresent average values for eah generation. Weibel presented a symmetri bronhialtree model with diameters and lengths for eah generation and straight branhes. Thesedata were very frequently used for model generation by other researhers sine they aresimplied but still based on a real lung. However, a real bronhial tree is asymmetriand three-dimensional. CT-sans from human lungs demonstrate the dierent diametersand lengths of branhes within one generation and strong urvature of the branhes.Horseld [47℄ presented data of one typial male lung inorporating dierent diameters,lengths and urvature of eah branh. These data from Horseld were also frequentlyfound in literature sine a realisti lung an be reonstruted.Some studies have demonstrated the fratal nature of the bronhial tree (e.g. [80℄). Afratal an be spae lling and ensure minimal dissipation. Interestingly, a study byMauroy et al. [75℄ has shown that an idealized bronhial tree onerning dissipation, ismore sensitive to malfuntion suh as asthma. Here, slight hanges in the airway geometryan ause a steep inrease of airway resistane. Hene, the bronhial tree must have asafety fator for possible onstritions in the airway diameter.2.2 Airway mehanisThe human airways are very exible and expand during inspiration. The relation betweenpressure and volume in the human lung is non-linear as depited in Fig.2.3 a). Thepressure-volume (p-v)-urve during a whole breathing yle for a healthy lung is shown(extrated from [92℄). It an be seen, that the urves for inspiration and expiration arenot idential but form a hysteresis loop. The slope represents the total ompliane of thelung and thorax. The ompliane is therefore dened by C = △V/△p. Here, △V denotesthe inrease of volume during the pressure inrease △p. The inverse of the ompliane isthe elastane. The work of breathing is represented by the enlosed area. The ompliane7
Introdutiontogether with the resistane and inertia ontribute to a total impedane of the respiratorysystem. Whereat the resistane ours due to visous pressure loss and the inertia dueto the inertia of the lung tissue and the aeleration of mass within the lung. Sine theinertia of the lung tissue and the air are very small, it is often negleted [5℄. The produtfrom resistane R and ompliane C represents the time onstant τ = R·C of a respiratoryunit. Hene, loally dierent omplianes lead to dierent time onstants in the lung.
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2Figure 2.3: a) Pressure-volume relation during whole breathing yle of the healthy lung,from Roberts [92℄ , b) pressure-volume relation during ination of a lungaeted with ARDS, modied from [53℄.Fig. 2.3 b) shows the pressure-volume relation for the ase of a lung disease alled ARDS -Aute Respiratory Distress Syndrome, extrated from Jonson and Svantesson [53℄. ARDSis a subategory of an Aute Lung Injury (ALI) whih an be assoiated with ollapseof the alveoli, sti lung tissue, pulmonary inltrates [95℄, i.e. liquid ours in the lung,inammation and as onsequene, a dereased partial pressure of oxygen in the blood [119℄.The death rate is at about 38% [95℄.The low inrease in volume at the beginning of the urve in Fig. 2.3 marks the ventilationof already open alveoli. Further inrease of the pressure leads to reruitment of ollapsedlung areas and to a higher slope of the urve. The hange from low to high inrease rateof volume is alled lower inetion point (LIP). The ompliane is inreased. As allareas are reruited, a further inrease of pressure auses overdistension of the alveoli anda derease of ompliane. This point is alled upper inetion point (UIP) [46, 53℄.Suki et al. [100℄ observed the ination of a ollapsed lung as a kind of avalanhe phe-nomenon. As the intra-bronhial pressure exeeds a ertain threshold level, the so alledopening pressure, one of the ollapsed airway branhes opens rst and an avalanhe8
Introdutionis initiated whih inates all more distal airways whose opening pressure is below thethreshold. Due to the orresponding volume inrease the pressure in the reruited air-ways subsequently dereases. A further inrease of the intra-bronhial pressure wouldrelease new avalanhes. These ideas of Suki et al. were further developed in Alenar etal. [2℄. They haraterize the airway reopening during ination of the lung as a form of anavalanhe shok. These shoks are represented in the p-V diagram as phases with fallingpressure during inreasing volume whih they attributed to a negative elastane.2.3 Ventilation tehniquesConventional Mehanial Ventilation - CMVDuring mehanial ventilation the patient is supplied with air at normal breathing on-ditions. The tidal volume, i.e. the volume that is breathed in and out, is about 500ml or
10ml/kgbodyweight [4℄ for neonates whose lungs are muh smaller. The breathing frequenyis about 15 breaths per minute, i.e 0.25Hz for adults. The natural breathing frequenyfor neonates is higher at about 60 breaths per minute (1Hz). Patients are either ven-tilated non-invasively by a fae mask or invasively by an endotraheal tube. The tubeis inserted into the lung via the nose or mouth, whereat the exit of the tube is plaedin the trahea enter ahead of the bifuration. The typial outer tube diameter for anadult lung ventilation is about 13mm and thus smaller than the trahea diameter whihis typially between 18 − 20mm. To prevent the patient from aspiration1 a u (smallballoon), irumferentially attahed to the outside of the tube, is inated, whih losesthe gap between tube and trahea. In neonates the outer diameter of the tube is as largeas the inner trahea diameter, hene a u is not neessary.Mehanial ventilation is either pressure- or volume-ontrolled. During pressure ontrolledventilation a pressure is set and the tidal volume varies depending on the ompliane andresistane of the omplete respiratory system whih inludes the ventilator mahine withall tubes and the human lung [86℄. At volume ontrolled ventilation the tidal volume andow rate is set and the pressure adjusts again aording to the ompliane and resistaneof the respiratory system [86℄. Both methods are equally used.Positive End-Expiratory Pressure - PEEP1inhalation of any liquid or solid substane 9
IntrodutionIn order to avoid airway ollapse, a positive pressure level (PEEP) after the end of expira-tion was applied during ventilation. The PEEP - values vary between 5 and 15 cmH20 [37℄.The use of the orret PEEP level is ruial. Overly levels an further inrease al-ready open lung areas and indue barotrauma, while too low levels an lead to dere-ruitment [37℄, [61℄. Unfortunately, there is no onsense on how to hoose the optimalPEEP-level. It strongly depends on the reruitable lung area. Furthermore, the patient'smortality rate is even more inuened by the tidal volume. Low tidal volumes an dereasethe mortality rate from 40% down to 31% after mehanial ventilation [9℄.Noisy VentilationAnother approah to suessfully reruit ateletati (ollapsed) lung areas is biologiallyvariable ventilation. Here, ventilation frequeny and tidal volume is randomly varied frombreath to breath during mehanial ventilation [78℄. Suki et al. [98℄ have added some noiseto the input signal. They reported about a kind of stohasti resonane whereat the PaO2(partial pressure of oxygen) in the blood ould be improved. In a further study [99℄ theyhave shown that noisy ventilation also leads to less Ventilator Indued Lung Injury (VILI)and even inreases surfatant ontent.High Frequeny Ventilation - HFVIn the 1960s an alternative ventilation method with lower tidal volumes, below theanatomi dead spae, but higher ventilation frequenies was rst developed, alled highfrequeny ventilation (HFV). Here, the tidal volume is between 2−5ml/kg bodyweight [60℄and the applied ventilation frequeny is between 8 and 15Hz for neonates and 3-7Hz foradults [17℄.HFV seemed to be promising onerning lower rates of lung diseases [60℄. Shear ratesand stress of the lung tissue are redued. However, reent studies are ontroversial aboutthe advantages over onventional mehanial ventilation (CMV). Aording to Johnsonet al. [52℄ and Reempts et al. [108℄, the rate of lung diseases and mortality of prematureinfants was similar for HFV and CMV. Stark [97℄ and Courtney et al. [16℄ reported someprotetion of HFV as it was applied very early and by experiened liniians. However,the pulmonary outome is more dependent on other neonatal risk fators suh as e.g.initial resusitation [97,108℄. The long term eet of the ventilation mode is still not fullyknown and more studies are demanded. Nevertheless, HFV is routinely used in neonatalintensive are units, and there is a growing interest for its appliation in adults with ALIand ARDS [14, 91℄. 10
IntrodutionHVF is subdivided into two ategories:
• High Frequeny Osillatory Ventilation - HFOV, whereat an osillation ofthe air is generated by a membrane, e.g. a loudspeaker membrane or a piston [49℄
• High Frequeny Jet Ventilation - HFJV, a jet of air is pushed into the lungat high frequeny between 2.5− 10Hz [49℄.Partial liquid ventilation - PLVAn alternative approah of ventilation was developed by Fuhrmann [36℄ in 1991, whereatpatients with ALI or ARDS are ventilated by peruoroarbon (PFC) instead of air. PFCis inert and hemially stable with a density of 1800 kg/m3 [88℄ and an dissolve veryhigh amounts of gas (oxygen). Due to its high density ompared to air it ows rapidlyinto lower airways where it helps to reruit ateletati regions and thereby improves gasexhange and redues inammation. Furthermore, it prevents lung regions from end-expiratory ollapse aording to PEEP [88℄. Despite these fats, studies have shown nosigniant dierene in mortality rate ompared to CMV [88℄. Its linial relevane is stilllow sine past linial studies are not suient onerning dosing, indiation and durationof treatment or ventilation pattern.2.4 Human bronhial tree modelsMany studies have demonstrated the strong inuene of the lung geometry on mass trans-port e.g. [74,85℄. Therefore, a realisti generation of the lung model is ruial. Even thoughthe upper airways have a symmetri geometry the use of a symmetri model auses asym-metri ow and transport behavior. For example, Zhang and Kleinstreuer [123℄ simulatedthe airow in a planar, symmetri airway model. This symmetri model leads to asymmet-ri veloity distribution as depited in Fig. 2.4 a). The inner branhes of eah generationare haraterized by higher ow veloity. In ontrast, Liu et al. [69℄ used an asymmetrigeometry with larger diameters of the outer branhes. The veloity proles in this modelare shown in Fig. 2.4 b) for a low Reynolds number of Re = 200. It an be seen thatthe maximum veloity in inner and outer branhes is similar or even higher in the outerbranhes. They analyzed the ow partition relation between daughter branhes G7 andG9' as funtion of the Reynolds number. For low Re, the outer branh with the larger di-ameter reeived almost threefold the mass of the inner branh. With inreasing Reynolds11
Introdution
a)
Figure 2.4: Comparison of dierent lung models, a) velotiy ontours during steady in-spiration in a symmetri airway model from Zhang and Kleinstreuer [123℄, b)axial veloity vetors in an asymmetri lung model from Liu et al [69℄number up to Re = 1600, the relation between inner and outer branh beomes morehomogeneous whereat the outer branh reeived less than twie the mass ow rate of theinner branh. For omparison, the Reynolds number during normal breathing is about
Re = 2000. These studies have demonstrated the inuene of the model on ow parti-tioning and ow patterns. If high Reynolds numbers were applied on symmetri airwaymodels, ow partitioning beomes rather asymmetri. However, the asymmetri modelsuggested by Liu et al. [69℄ overestimates the dierenes of branh diameters within onegeneration, with diameters varying by 50-100%. Aording to Horseld [47℄, the diametervaries only by 10-60% within one generation.The models shown in Fig. 2.4 are both simplied. First, they are planar, whereas areal bronhial tree is three-dimensional. Seond, they inorporate only three generations.This is very ommon in literature, sine some ow harateristis ourring in a real lungan already be shown in those simplied models. Some researhers even prefer the use oftwo generations, only (e.g. [28, 45, 66, 94, 101℄).As mentioned before, a real lung onsists of 23 generations whih all ontribute to a owresistane. This is negleted by low generation models. Hene, the higher the generationnumber, the more realisti beomes the ow in the lung. However, up to date, a maximumnumber of 6 generations has been inorporated by most researhers to reate lung models12
Introdution(e.g. [11, 68, 84℄). For both ases, experimental and numerial researh, 6 generationsseem to mark a barrier. Sine the branhing diameter dereases with every generation,the tehnial eort is too high to manufature a model with more than 6 generations forexperimental researh. With eah new generation the branh number rises quadratially.An adequate grid resolution at a model with more than 6 generation would exeed thepossible numerial eort.The strong inrease of omputer power in the reent years has allowed few researhersto extent the human airway tree for numerial simulations. Wall et al. [112℄ used a lungmodel with 7 generations. However, it was disretized by 2 million ells only. Calay etal. [12℄ revealed that a number of 100, 000 − 150, 000 ells per bifuration is neessaryfor a mesh independent solution. A 7-generation model has 2n − 1 = 27 − 1 = 127bifurations. Hene, a mesh independent solution should be based on at least 12.7 millionells. Gemi et al. [40℄ used a 17 generation model with 1453 bronhi, i.e. single branheswith 6, 744, 000 ells. This number is rst too small for suient ow resolution, andseond, not haraterized by bifurations down to the 17th generation sine onstantbifurating from the 1st to the 17th generation would yield 2n+1 − 1 = 218 − 1 = 262, 143single branhes.Very frequently, CT-data are used for model generation with a large number of generations[11, 68, 84, 112℄. The advantage is that these geometries are very lose to the reality.However, a disadvantage of CT-data is that they largely depend on the reonstrutionproedure and on the threshold of the grey level for the images. Hene, the same lungsanned by two dierent devies an yield dierent results. Reproduing the CT-modelby Rapid Prototyping indues additional deviations in an unontrollable manner fromthe original model due to additional surfae nishing proedures. To onlude, reatinga CT-based model is hardly reproduible.Low generation models are mainly based on statistial data (e.g. [82, 122, 123℄) derivedfrom Weibel [116℄ for a symmetri bronhial tree or from Horseld [47℄ for an asymmetrimodel (e.g. [12, 65℄).Kitaoka et al. [57℄ presented a lung model based on statistial geometry data whih eveninludes 23 generations. However, they only onentrated on the model generation andnever performed ow investigations.Some researhers (e.g. [59, 68, 123℄) extended their bronhial tree model by the laryngealgeometry (oral airways from the mouth to the trahea). It is known that the integration13
Introdutionof this upper airway geometry into the lung model leads to an altered inow situation.The paraboli shape of the veloity prole is hanged to a urved sheet-like shape andturbulent strutures are enhaned [68,71℄. Xi et al. [120℄ have shown in their studies thatin the laryngeal traheo-bronhial model, partile deposition is enhaned in the larynxand in the upper trahea regions ompared to models without larynx.For the analysis presented in this work, the laryngeal geometry is not inluded sine theow struture in the lung under ventilated onditions is in the main fous of interest.The mehanial ventilation whih is investigated here, is usually arried out with anendotraheal tube. The use of suh a tube again totally alters the inow situation [1℄.It is also highly stohasti and variable due to dierent tehniques of intubation and theposition of the tube exit in the arina. Therefore, it was abstained from the adjustedinow situation aused by an endotraheal tube or the laryngeal jet sine both lead todierent eets of mass transport and veloity proles. Here, the dierenes in owpartitioning aused by the geometry and pressure loss in the branhing network were inthe main fous of interest. The inuene of the tube or laryngeal geometry would disturbthe eets observed here. Additionally, Zhang and Kleinstreuer [123℄ have shown that theentrane eets due to the laryngeal geometry begin to weaken downstream from the 3rdgeneration on.The aforementioned models do all neglet the inuene of the non-linear pressure volumebehavior of human lung tissue, i.e. they do not inorporate lung ompliane. The distalendings of these models are open to the ambiene without any further resistane. Mostfrequently, the same boundary ondition is applied at eah end. In numerial studies,dierent types of boundary onditions are used. First, the pressure outlet, whereat eahoutlet reeives the same pressure value, (e.g. [40, 50, 72, 123℄) is implemented. For thease of the human lung ow simulation, zero pressure is hosen. Lin et al. [68℄ assumeduniform ventilation and therefore speied uniform veloity. Another boundary onditionis to speify a onstant outow rate at eah outlet [82, 107℄ as fration of the inlet ow.Van Ertbruggen et al. [107℄ speied dierent outow rates for eah outlet aording tovalues given by Horseld [48℄. Despite dierent ow rates for the outlets, they did notinorporate dierent omplianes.However, as mentioned above, the inuene of the ompliane is espeially important indiseased lungs and strongly varies regionally. Due to the omplex behavior of a non-linearpressure volume system, only single bifuration models with ompliant endings exist sofar. 14
IntrodutionA variation in boundary onditions was applied by Yang et al. [121℄ who investigated theinuene of airway obstrution on the ow. Elad et al. [26℄ simulate the ow partitioningin a single bifuration with various ompliant endings. Lee et al. [64℄ investigated the owbehavior during HFOV by means of Partile Image Veloimetry (PIV) - measurements ina rigid single bifuration model with ompliant endings.2.5 Flow harateristis in the human lungVeloity prolesThe branh urvature and bifurations themselves, ourring in the human lung, lead toskewed veloity proles. The entrifugal fores push the uid to the outside wall of theurvature. Hene, veloity proles are asymmetri with the veloity maximum near theouter wall of a urvature. Thereby, asymmetri ow partitioning is reated [3, 10℄.Separation regions our whose number, size and loation depend on the Reynolds number[83℄. As shown by Brueker and Riethmuller [10℄ the ow in bifurating networks anundergo low-frequeny osillations. This is due to a type of resonane eets aused bythe multiple interation of ow separation and shear layer-edge interation.It was further shown that the veloity proles in the upper airways dier between inspi-ration and expiration [94℄.These asymmetri veloity proles our in the enter plane of the lung heading fromthe left to the right side. In the transverse plane, from the front to the rear side of aurved branh, the veloity proles are symmetri and M-shaped. Compare Fig. 2.5a) forfront/rear and left/right positions in the lung branhes. Usually, one expets M-shapedveloity proles in osillatory tube ow due to the phase shift of low inertia near wall owand high inertia enter ow [105℄. However, this M-shaped veloity prole also oursfor steady ow in urved tubes (e.g. [12, 69℄ in the front-rear-plane due to the streamlineurvature [69℄. These M-shaped veloity proles are related to seondary ows and hene,skewed veloity proles. At low ow veloity, the veloity prole in the transverse planeremains paraboli due to weaker seondary ow [69℄.
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Figure 2.5: Seondary vortex struture, a) Nomenlature of the branhes, with R - rightside of the branh, L - left side of the branh, A - anterior (front) side, P - pos-terior (rear) side, b) seondary ow struture during inspiration, ) seondaryow struture during expiration.Augmented DispersionAugmented dispersion denotes the ombination of lateral mixing by seondary motionsand axial onvetion [21,34℄. Redistribution of mass by seondary ows in the respiratorysystem is termed augmented dispersion [33℄. This type of yle-to-yle streaming issimilar to the proess of moleular diusion, however the transfer rates are orders ofmagnitudes higher [21℄.Trap and release eetThe osillatory nature of the lung ow also indues eets whih do not our duringsteady ow. Mohizuki [77℄ observed a trap and release eet in the upper airways due tothe yli built-up and wash-out of ow separation regions leading to a net mass transportinto the lung. 16
IntrodutionSteady StreamingThe eet of steady streaming is known in various appliations suh as osillatory owsin tapered hannels [38℄, urved or exible tubes [25℄, [20, 113℄.Steady streaming was rst desribed for the human lung by Haselton and Sherer [43℄within a single bifuration tube model. Aording to them the Y-shaped bifuratinggeometry of the airways leads to steady streaming. Due to this geometry, the upstreamand downstream direted ow through the airways is not symmetrial and haraterizedby dierent veloity proles. Hene, after one osillation period partiles do not return totheir initial position but are shifted. As a result of the osillating ow and the dierentveloity proles in the bifurations uid partiles travel either down to the distal end orup to the trahea, depending on their initial loation in the ross setion of the tube (nearto the enter or near to the wall). Thus a bidiretional mass transport is indued by thebifurating lung geometry. Theunissen and Riethmuller [103℄ observed the net transportof partiles after one breathing yle. They onrmed that partiles near to the wall movedownwards, whereas partiles near the enter move up.The ourrene of the mean motion alled steady streaming is fored by Reynolds stressgradients similar to turbulene [67℄. By time averaging the utuation terms in the NavierStokes equations the resulting body fore terms are the gradients of Reynolds stresses.Sine the body fore terms are proportional to the Reynolds number, it an be assumedthat the streaming inreases with inreasing Reynolds number [41℄. This dependeny onthe Reynolds number was also observed by Haselton and Sherer [43℄.Steady streaming was not only desribed for the upper airways, it does also our in thealveoli if surfatant is artiially added to surfatant depleted alveoli. Steady streaminghelps to further distribute the surfatant. Another, very typial ow in the alveoli is a netow from regions of low to high surfae tension leading to the distribution of surfatant.This is alled Marangoni ow [115℄.PendelluftAn important inuene on mass transport is due to the dierenes of time onstants inthe lung whih lead to asynhronous lling and emptying. This an in turn lead to a massow from the emptying to the lling branhes known as pendelluft. The pendelluft eetis mainly observed during HFOV [13,64,106℄ due to the short inspiration times omparedto dierent time onstants of dierent lung regions.17
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. (2.1)It desribes the unsteady nature of uid ow in response to an unsteady pressure gra-dient and is a ratio of inertia to visous fores in osillatory ows [118℄. For very smallWomersley numbers (α < 3), quasi-stationary ow an be assumed with veloity proles18
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. (2.3)Hene, the Reynolds number an be written as
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. (2.5)The variable R denotes the urvature radius. Fresoni and Prasad [31℄ found for theirexperimental lung model that at a Dean number around Dn = 10 seondary vorties, asdesribed above, start to form. The strength of the vorties inreases withDn and linearlywith Re up to Re = 100. For higher Re, the strength inreases only slightly. One reasonis that despite higher Re, the seondary ow does not have the suient length withinthe lung branhes to fully develop. Subsequent bifurations interrupt the development.Additionally, for inreasing generation number, Re and Dn derease. Hene, as assumed19
Introdutionby Fresoni and Prasad [32℄ seondary ows do not develop below the 10th generation ofthe lung for CMV and below the 13th generation for HFOV onditions.
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3 Dynami ow patterns in theupper airways
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3.2 Experimental methods3.1 ObjetiveIn the subsequent study the ow in the upper airways will be investigated by means ofPartile Image Veloimetry (PIV)-measurements in a rigid bronhial tree model whihonsists of 6 bifurating generations. The lung model represents a ase, at whih theoutlets at the 6th generation have nearly onstant pressure without additional resistaneor ompliane. As desribed above, the real lung struture from the 6th generation downto the alveoli has an additional impedane whih may vary from branh to branh. Themodel, used here, is based on an idealized geometry and the behavior of a real lung maybe dierent. However, it oers the advantage to ompare experimental and numerialresults for exatly the same geometry.The aim of the study is a more omprehensive physial understanding of the eets duringCMV and the inuene of high frequeny osillatory ventilation (HFOV) on the owpatterns and mass ow distribution. To what extend the ow harateristis desribedabove are hanged at the transition from normal breathing to HFOV is not yet lear.Previous studies on HFOV foused on the 15th-18th generation in whih inertia is notdominant [64, 90℄.3.2 Experimental methods3.2.1 Transparent lung modelThe geometry of the airway model is based on two dierent data sets. The radius of theurvature with its origin at the daughter branh (see. Tab. 3.1) as well as the transitionzones between the parent and the daughter branhes are based on Horseld [48℄ data. Forthe diameters and lengths of the generations, data from Weibel [116℄ were taken whihapply for an ideal bifuration of the lung. In order to reate an asymmetri geometrythe branh lengths lr and ll in eah bifuration relate to eah other aording to thegolden ratio with lr/ll ≈ 1.62. The mean value of the branh length l = (lr + ll)/2 ineah bifuration orresponds to the value given by Weibel. Eah daughter bifuration isonneted to the parent branh by rotating the plane of the daughter branhes by 90◦with respet to the previous orientation. The only exeption is the rst generation whihis onneted to the trahea by a rotation angle of 60◦. All geometrial data whih were22





0 18.0 1501 12.2 36.8 59.3 36.6 55.02 8.3 14.7 23.6 52.2 29.03 5.6 5.8 9.4 33.2 45.04 4.5 9.8 15.8 17.8 18.75 3.5 8.2 13.3 21.1 21.86 2.8 6.9 11.2 25.0 31.2Table 3.1: Geometrial data of the lung model in mm.For the manufaturing of the model a ore was rst made of a low melting point alloy(woods metal, rAlfa Aesar, Germany, melting point: 70◦C). Therefor, the liquid alloywas poured into single negatives of eah lung generation. An image of a negative of onebifuration is shown in Fig. 3.1 a). In order to onnet the single bifurations eah singlemodel had a hole in the parent branh and a tip at eah daughter branh (see Fig. 3.1 a)and b). Altogether, 63 single bifurations have been poured.
a) b)Figure 3.1: Negative model of one lung bifuration made from rPlexiglas (a), ompositionof two subsequent bifurations with a rotation angle of 90◦ (b).After solidiation of the metal the single bifurations were onneted pieewise to a 3Dbranhing tree with 6 generations. In Fig. 3.1 b) the omposition of two subsequentgenerations is presented. Obviously, the surfae quality is very oarse. Thus, the surfaehad to been smoothened by a water soluble glue. The omplete 3D-model (see Fig. 3.2a)) was plaed into a ontainer, that was subsequently lled with transparent silione(Elastosil, Drawinr, Germany). Finally, the alloy kernel was melted out, suh that theow an enter the model through the trahea and leave it trough the branhes of the 6th23
3.2 Experimental methodsgeneration. The nal ast model, onsisting of the tree of hollow branhes, is shown inFig. 3.2 b).
Figure 3.2: Positive model of the human bronhial tree (a), silione model with hollowbranhes of the bronhial tree used for ow measurements (b), for this imagethe model was illuminated by laser light.
3.2.2 Flow parametersThe lung model was submerged in a rPlexiglas box ompletely lled with a mixture ofglyerine and water (mass ratio 60:40, density ρ = 1150 kg/m3, kinemati visosity ν =
8.4 · 10−6m2/s) whih mathes the refrative index of the silione model (n = 1.41). Thismethod allowed to observe the in- and outow in the omplex biologial branh geometriesusing optial ow measurement methods. An osillatory ow was generated using a linearatuator (MOOG, G400 Series) driving a piston in sinusoidal motion (Fig. 3.3a)). Inforward motion of the piston the uid enters the lung model trough the distal branhesin the 6th generation and exits at the trahea. This phase represents the expiration.The reverse ow diretion represents the inspiration phase where the piston is retraedto its bottom dead position. A photograph of the test stand during the measurementsis illustrated in Fig. 3.3 b). A CCD-amera (PCO 1600, 1600x1200 pixels resolution,15 fps at full resolution, 2GB RAM) and the laser used for Partile Image Veloimetry(PIV)-measurements are depited here. The laser is a 120mJ Nd:YAG double pulse laser(Solo XT 120, New Wave) with a wavelength of 532 nm.The applied parameters for Womersley, Reynolds and Dean numbers in the trahea aswell as the aording tidal volumes and frequenies used during the measurements are24
3.2 Experimental methods
Figure 3.3: Shemati set-up for ow measurements in the lung model at osillating ow(a), fotograph of the omplete test stand inluding amera and laser (b).given in Tab. 3.2. Note that two Dean numbers are given here, for the right main branhand for the left main branh. The latter is given in brakets.ase No. Frequeny Tidal Reynolds Womersley Dean(Hz) volume (ml) number Re number α number Dn1 0.05 500 670 1.7 270 (330)2 0.15 500 2020 3.0 820 (1000)3 (with tube) 0.15 500 2020 3.0 820 (1000)4 0.3 500 4040 4.3 1630 (2000)5 0.5 75 990 5.5 400 (490)6 1.0 75 1980 7.8 800 (980)7 1.5 75 2960 9.5 1200 (1460)Table 3.2: Experimental settings and values of the harateristi ow numbers in thetrahea, the values for the Dean number Dn apply for the right main branhand for left main branh in brakets.3.2.3 Partile Image Veloimetry - PIV-MeasurementsFlow visualization and PIV-measurements were arried out for the parameters given intable 3.2. For PIV-measurements, small traer partiles are added to the ow whihideally follow the ow with negligible slip. Hene, the partile veloity represents the ow25
3.2 Experimental methodsveloity. The partiles are illuminated in a plane (light sheet) by two light pulses of avery short interval (few µs). Very frequently, lasers are used for partile illumination dueto their high light intensity. The light, sattered by the partiles in an angle of 90◦ isreorded by a amera in two subsequent frames. A typial set-up for PIV-measurementsis depited in Fig. 3.4.
Figure 3.4: Example of a set-up for PIV-measurements in a wind tunnel (from [89℄).For the evaluation of the veloity eld the images are rst divided into small subareasalled interrogation areas. Within eah interrogation area a ertain amount of traerpartiles ours. The partiles within one interrogation area are treated as pattern whihhanges position from the rst to the seond frame. This pattern is identied in the rstand seond frame by the method of ross orrelation [89℄. From the displaement of thepartile pattern and the time delay between the subsequent frames the ow veloity anbe alulated. It is assumed that the partile motion is linear in the short period of time.The spatial resolution of the PIV results depends on the size of the interrogation area. Thesmaller the interrogation size, the higher is the ow resolution. For eah interrogation areaone veloity vetor is reeived whih represents the average veloity of this area. Typially,an interrogation window size of 32x32 pixels is used (see e.g. [45,89℄). The quality of rossorrelation inreases with higher partile density in one interrogation area. In order toensure 95% detetion rate of the partile patterns, a number of N > 8 for partiles inone interrogation area is required [56℄. Additionally, interrogation areas overlap in orderto detet partiles that have left into the adjaent interrogation window. Typially, an26
3.2 Experimental methodsoverlap of 50% into the vertial and horizontal diretion is used.A representative PIV-image of the upper main branhes in the human lung is given inFig. 3.5. It shows the measurement plane with the distribution of traer partiles.










. (3.2)The variables ρp and dp denote the partile density and diameter, respetively, ηfl is thedynami visosity of the uid and fw is a drag oeient whih an be set to fw = 1for spherial partiles in laminar ow [76℄ whih is assumed for the lung ow. With theparameters of the partiles and a dynami visosity for the working uid water-glyerineof ηfl = 9.66 · 10−3Pa · s a relaxation time of τr = 2.64µs is obtained for the partiles.The lowest harateristi time sale ourring at the measurements was τc = 0.6 s (1.5Hz).27
3.2 Experimental methodsThe resulting Stokes number is St = 4.4·10−6. Aording to Dring [23℄ for Stokes numbers
St < 0.01 the error indued by partile inertia is below 0.7%, hene the error indued bythese 20µm partiles is even less and an be negleted.PIV-measurements were done at dierent planes dened by light-sheet positions of thelaser as shown in Fig. 3.6. The ow struture was rst analyzed in main ow diretionwithin generation 0 and 1 (light sheet 1). The pulse delay for measurements in main
Light sheet 1
through the center
of generation 0 -1
Light sheet 2
through the trachea, perpendicular
to the main flow direction
Light sheet 3
through generation 1, perpendicular
to the wall of the plexiglas box
Figure 3.6: Lung model with light sheet position and orientation.ow diretion was set to 90 − 200µs and a light sheet thikness of 1.5mm was applied.Sine it is known that the ow through urved tubes and bifurations is haraterized byseondary motions, the seondary ow struture in the trahea (light sheet 2, Fig. 3.6)and in the left branh (in medial sense) of generation 1 (light sheet 3, Fig. 3.6) was alsoinvestigated. In order to avoid optial distortions, the light sheet 3 is not perpendiular tothe main ow diretion of generation 1 but to the Plexiglas-ontainer walls in whih themodel was plaed. The light sheet thikness was inreased to 3mm to ensure the preseneof the traer partiles in the rst and seond illuminated piture. Further, the pulse delayhad to be inreased to about 1000µs in order to resolve the seondary motions.For image evaluation, i.e. ross orrelation, an interrogation window size of 32x32 pixelwith an overlap of 50% was applied. Hene, the nal grid size is 16x16 pixel. With anaverage trahea diameter of about 260 pixels in the images, the trahea ould be resolvedby approximately 16 interrogation windows in radial diretion.
28
3.3 Results and disussion3.3 Results and disussion3.3.1 Flow struture for breathing under rest onditionsThe results of the veloity measurement will be presented for four dierent phase angleswithin one breathing yle. The trigger signal was reeived from an internal positionenoder of the atuator (piston). Hene, the trigger time was exatly reproduible. Thephase angles are marked with apital letters in Fig. 3.7 whih show the piston positionof the linear atuator during one breathing yle. The solid line of the urve represents
Figure 3.7: Piston movement during one breathing yle.the expiration yle, the dashed line the inspiration phase. That means, as the piston isin forward (positive slope) motion, uid is pushed through the lung model from the 6thgeneration up to the trahea (ompare Fig. 3.2 on page 24), whih marks the expiration.The bakwards (negative slope) motion marks the inspiration. The zero-rossing marksthe maximum veloity of the piston. A total number of 50 subsequent pitures have beentaken at every phase position marked in Fig. 3.7 in order to reeive a phase averagedresult. This number represents a ompromise between long term damage of the pistonunit due to high pressure loss in the system and a suient number of images for meanow analysis.The PIV results for dierent frequenies at the phase positions A, B, C and D are presentedin Fig. 3.8. The applied frequenies orrespond to normal ventilation onditions. Eahimage inludes the veloity proles and the olor-oded vortiity distribution normalizedto the maximum value for the vortiity. It has to be mentioned that, for referene, theleft daughter branh (in medial sense) is shown on the right hand side in the subsequentgures. 29
3.3 Results and disussionPhase A: The piston rosses the zero position with maximum veloity, whih orrespondsto the phase of peak expiration ow. The frequeny of 0.05Hz with a Womersley numberof α = 1.7 orresponds to quasi-steady ow. At a frequeny of 0.15Hz with α = 3.0 andhigher, the ow an no longer be regarded as quasi-steady. It is obvious that the owshown in Fig. 3.8a) is not symmetri. In the trahea the maximum veloity is shifted tothe left side at f = 0.05Hz. At 0.15Hz the maximum veloity in the trahea is shiftedto the right side. In ontrast the left side is haraterized by a large separation region.This separation region is still present at a frequeny of 0.3Hz, although its extension issmaller. It is assumed that this separation is a onsequene of the lung model geometry.Considering the rst generation, the veloity maximum at f = 0.05Hz an be found nearthe inner walls of the bifuration. For f = 0.15Hz and 0.3Hz the region of maximumveloity is slightly shifted to the outer walls of the bifuration. The same eet hasbeen previously desribed theoretially by Ekmann and Grotberg [25℄. For osillatoryows in urved tubes they observed a shift of the veloity maximum to the inner wallof the urvature whih is in our ase the outer wall of the bifuration. This ours dueto the predominant pressure gradient ompared to the entrifugal fores at α ≫ 1. Theentrifugal fores usually "push" the uid to the outer wall in steady ows. Sine thedistane at the inner urvature is shorter than at the outer wall the pressure gradienthas inreased and onsequently the veloity at the inner wall. This eet beomes morepronouned with higher Womersley numbers. The ontour plot of the vortiity representsthe shear rates that our within the lung model (Fig. 3.8). The maximum vortiityduring expiration is at about 300s−1 and ours in the separation regions.
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Re = 670, = 1.7
(f = 0.05Hz)
a Re = 2000, = 3
(f = 0.15Hz)
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a
Figure 3.8: Veloity proles and relative vortiity ontour plots at phases A-D during nor-mal breathing, diagrams denote the respetive piston position at eah phase.
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3.3 Results and disussionPhase B: The piston has reahed its top dead end and the ow in the lung hangesdiretion from expiration to inspiration (Fig. 3.8b)). At a frequeny of 0.05Hz thereverse of the ow is nearly axisymmetri in the trahea whih onrms the quasi-steadyow onditions. At higher frequenies/Womersley numbers the symmetry is broken. Theow starts turning at the separation region in the trahea. Flow transition is initiated inregions of low veloity, i.e. low inertia.Phase C: This phase denotes the maximum inspiration (Fig. 3.8)). At a frequeny of
0.05Hz the veloity prole in the trahea is haraterized by a nearly paraboli shape. Themaximum veloity in the daughter branhes ours near the inner walls of the bifurationdue to entrifugal fores. During expiration this region was haraterized by a veloityminimum. Considering the whole breathing yle, the transformation of the veloityproles reates a steady net mass ow of "fresh" uid into the model along the enterlineand the inner walls of the bifuration. This is ompensated with a net mass outow of"old" uid to the trahea along the outer walls of the bifuration. This eet may beattributed to steady streaming in bifurations rst mentioned for the lung by Haselton &Sherer [43℄.At inreasing frequeny/Womersley-numbers the paraboli veloity prole in the traheais more attened. However, the M-shaped veloity prole whih typially ours in osil-latory tube ow for α > 3 [105℄ ould not be observed.The region of the peak veloity is again slightly shifted to the outer walls of the bifurationwith inreasing Womersley-number, whih was already stated during peak expiration,nevertheless the peak veloity an is still loated near the inner walls of the bifuration(outer walls of the bend). Comparing the results for inspiration and expiration, thevortiity ontour plot reveals a more symmetri pattern during inspiration. The highestvalues of the vortiity our in the rst generation. Whereas in the trahea, the veloityproles are more homogenous whih leads to low shear rates and vortiity, respetively.Phase D: This phase again represents the peak amplitude of the piston and its veloityis zero. The lung ow hanges its diretion from inspiration to expiration. The phaseshift of the ow an be well seen (Fig. 3.8d)). The ore ow in the trahea is still direteddownwards into the lung, while the ow near the wall already moves out. In the daughterbranhes this reverse ow is similar for all Womersley numbers. However, in the trahea,the reverse of the ore ow is inreasingly shifted in phase with higher α. This ould bea onsequene of the larger veloity during peak inspiration.32
3.3 Results and disussion3.3.2 Flow struture with endotraheal tubeIn a linial situation, the patient will be ventilated using a tube, whih means a hangeof the inow onditions. To study this eet on the ow struture, a typial ventilationtube with an inner diameter of 9.5mm was inserted into the lung model. The ow wasagain analyzed by PIV in the measurement plane dened by light sheet 1 (Fig. 3.6).As the ow leaves the tube it enters the trahea in form of a jet (Fig. 3.9 a) and b)).Further downstream, the ow is haraterized by large separation regions near the outerbifuration walls and by unsteady vorties in the shear layer. The ventilation has hangeddramatially as ompared to ow without tube. Fig. 3.9 demonstrates the strong inueneof the tube position on ventilation. A slight shift of the tube to the right side (Fig. 3.9b)) leads to preferred ventilation of the right branh.
a) b)Figure 3.9: Peak inspiration through endotraheal tube, veloity vetors and magnitude,tube position in the trahea entre (a), tube position slightly shifted to theright branh (b), Re = 2000, α = 3.However, during the expiration phase the inuene of the tube vanishes. The ow withand without tube is similar as shown in Fig. 3.10. This means that the ow disturbanesindued by the tube jet during the inspiration are not onserved until the expirationphase.
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Figure 3.10: Comparision of peak expiration with tube (a) and peak expiration withouttube (b), olor-oded is shown the ontour plot of the vortiity in relation tothe maximum vortiity superposed with veloity proles.3.4 Results for HFOVFigure 3.11 represents the results for high frequeny onditions for the same phase anglesas during normal ventilation onditions (ompare Fig. 3.8). The vortiity values are againnormalized with the maximum vortiity. The ase of α = 9.5 orresponds to 3Hz used inlinial treatment. Higher frequenies ould not be realized due to the high pressure lossand limitations of the linear atuator.Phase A: Fig. 3.11a) shows the results at peak expiration. It an be seen that for allases the veloity proles in the daughter branhes are skewed to the inner walls of theurvatures as already stated during normal breathing onditions. A paraboli veloityshape an be found in the trahea for all Womersley numbers. A omparison with theresults at normal breathing onditions for this phase shows that during HFOV the owstruture is more symmetrial, espeially in the trahea the separation region has vanished.Furthermore, the overall vortiity is muh higher than during normal breathing. This isin partiular the ase in the trahea, where the maximum vortiity ours with values of
600 s−1. The vortiity strength has doubled from normal breathing to HFOV, despite ofthe same Reynolds number for the ases of f = 0.15Hz and f = 1Hz. That means theshear rates have inreased during HFOV.Phase B: In ontrast to breathing under rest onditions an initial point for the reverseow an not be identied during HFOV.
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a
Figure 3.11: Veloity prole and relative vortiity ontour plot at phases A-D duringHFOV.
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3.4 Results for HFOVPhase C and D: Qualitatively, the results are similar to the inspiration phase. Themaximum vortiity ours again in the trahea, whereas the veloity proles in the rstgeneration are more homogenous and less skewed than during normal breathing leadingto lower vortiity.Inreasing the Womersley number leads to a more attened veloity prole (Fig. 3.11))and the shift of the veloity maximum to the outer walls of the bifuration as alreadyobserved during normal breathing. The typial phase shift of veloity proles betweenthe ore ow and near wall ow ould be observed during the hanges of ow diretion(Fig. 3.11d) and Fig. 3.12). In omparison to the lower frequenies, the phase shift ofthe ow in the daughter branhes is no longer symmetrial. For f = 1.5Hz, Fig. 3.11d)reveals a higher veloity into the lung at the right main branh. The onsequene is anet mass ow from the left to the right branh whih is visualized by the streamlines inFig. 3.12 for α = 9.5. Hene, with inreasing frequeny the tendeny of ross exhangeof mass between the daughter tubes inreases. This type of mass exhange is alreadyknown as pendelluft [64℄ but so far it has been attributed mainly to the ow in the lowestgenerations near the alveoli. Note that Fig. 3.11d)) represents the phase averaged results,hene the diretion for the pendelluft does not hange periodially, but remains onstant,whih was also onrmed by the instantaneous PIV results. This allows to onlude thatthe Pendelluft orrelates with the loal topology of the lung.
x
yFigure 3.12: Transition from inspiration to expiration during HFOV, Re = 2960, α = 9.5,olor-oded veloity in the y-diretion with red indiating positive (out-ow) diretion and blue indiating negative (inow) diretion, superposedare streamlines.
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Figure 3.13: Setional streamlines and streamwise vortiity in the ross setion of thetrahea at phase angles A-D, Re = 990, α = 5.5; the diagram representspositions of the piston at distint phase angles.Fig. 3.13 presents the results for the seondary ows in the trahea. During peak expira-tion (phase A) two pairs of ounter-rotating vorties are generated within the trahea asmarked by the dierent senses of orientation of the streamlines. The vortiity marks thestrength of the vorties. Red olor indiates high vortex strength with positive orientation,blue, high strength with negative orientation. The double vortex pair is a onsequeneof the vortex pairs approahing from eah daughter generation. A similar ow struturewas also presented in Fresoni and Prasad [31℄.The seondary ow in the transition phase B is still haraterized by a double vortex37







Figure 3.14: Setion streamlines and streamwise vortiity in the ross setion of the rightbranh of the rst generation at phase angles A-D, Re = 990, α = 5.5,diagram represents positions of the piston at distint phase angles.trahea has seemingly vanished. It is assumed that this asymmetri struture ours due tothe asymmetri, three-dimensional geometry of the airway model. In a study by Fresoniand Prasad [31℄ the seondary motions were symmetri for all branhes. However, their38
3.5 Conlusionsmodel was symmetri and plain. Therefore, it is assumed that this asymmetri vortexstruture would rather our in a real lung.During peak inspiration, the typial vortex pair for urved tubes an be observed Fig.3.14,Phase C). Note that the streamlines do not show losed irular patterns beause thelight sheet position is not perfetly perpendiular to the main ow diretion. Thus, theresulting vetors show a superposition of main ow and seondary ow. Nevertheless thequalitative struture of the seondary ow an still be reognized. During the reverse ow(phases B and D, Fig. 3.14) the seondary ow is haraterized by unstrutured vorties.3.5 ConlusionsIn this study the ow in a realisti 3D model of the upper human lung airways wasinvestigated experimentally by means of PIV-measurements. The lung model used herewas omputer-generated; hene, eah bifuration an be desribed analytially. Therefore,it is possible to reate reproduible models and ompare the experimental results to thoseobtained by numerial alulations. Note, that the studies presented herein represent aase where the outow onditions at the 6th generation are governed by nearly onstantpressure without additional resistane or ompliane. However, the real lung struturefrom the 6th generation down to the alveoli ats as an additional impedane whih willbe onsidered in a subsequent study (Chapter 6).The experimental investigations presented here were performed for normal breathing on-ditions and high frequeny ventilation using PIV measurements. For higher frequenies,a shift of maximum veloity to the outer wall of the bifuration (inner wall of the bend)ould be observed. The veloity proles in the rst generation are less skewed during highfrequeny ventilation. Besides pendelluft, this eet might be a further explanation fora more homogenous distribution of mass during HFOV. Nevertheless, the veloity max-imum still ours for all frequenies near the inner wall of the bifuration. In ontrast,the maximum veloity ours near the outer wall of the bifuration during expiration.Consequently, a simultaneous net mass outow of used air and net mass inow of freshair into the lung is reated.Using an endotraheal tube in the lung model reates a ompletely dierent inow sit-uation. During mehanial ventilation, the orret tube position is very ritial sine itstrongly inuenes the quality of ventilation. If the position is not orretly entered in39
3.5 Conlusionsthe trahea, e.g. the tube is shifted to the left side, mainly this part of the lung is ven-tilated whih might lead to lung overdistension. However, this eet ould also be usedas advantage to guide the air preferentially into ollapsed lungs regions without overdis-tension of healthy parts. It has to be mentioned that the tube only hanges the inowonditions but not the outow whih is similar to normal breathing without tube.Furthermore, the omplete lung is haraterized by seondary ow strutures ourringduring the whole breathing yle. The seondary ows ontribute to a lateral mixingin the human lung. During one breathing yle, the seondary ows hange their stru-ture aording to the main ow diretion. However, onsidering the instantaneous, phaseloked PIV-measurements, there is only a weak variation of the seondary ow struturein the trahea, espeially during expiration. That means, there are no utuations be-tween subsequent breathing yles. The symmetri seondary ow patterns in the rosssetions suggest, that the asymmetrially bifurating lung geometry does not inuenethe seondary ow.A omparison of both ventilation onditions, CMV and HFOV, revealed only slight dif-ferenes between the ow patterns. At HFOV the ow is more symmetrial in the traheaduring expiration. During hange from inspiration to expiration a mass exhange betweenthe daughter generations was found, whih ould not be been seen during normal breath-ing onditions. This mass exhange ould be attributed to pendelluft and is a onsequeneof the asymmetri lung topology whih determines the loal pressure loss in the modeland therefore apparently predits the mass ow diretion of the pendelluft.
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4 Numerial study of the ow in thehuman lung
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+ gi, (4.2)where ui and uj are the omponents of the veloity vetor, p is the pressure, ρ and ν theuid density and kinemati visosity, respetivly. Here, the Einstein summation is usedso that the repeated index implies summation. Furthermore, an additional volume foreis onsidered here whih inludes the gravity g sine for omparison to the experimentalresults, the properties of the experimental liquid (water-glyerine) were invoked.Numerial MethodsFor numerial simulation of the lung ow, the Finite Volume Method (FVM) was applied.Therefore, the equations 4.1 and 4.2 were integrated over a ontrol volume and thendisretized. The FVM requires a deomposition of the eld of interest into grid ells. Thedisretization of the governing equations is invoked at the knots of the numerial grid.After disretization, a linear set of equations is reeived whih are solved by the solver42





Figure 4.1: Numerial grid struture of the lung model, a) omplete lung model, b) en-larged view of the grid struture of the inlet boundary (top of the trahea), )enlarged view of the grid struture of one of the outlet boundaries (distal endof the 6th generation).Boundary and Starting onditionsThe linear set of equations an only be solved if both, starting and boundary onditionsare available. The omplete region of interest is initialized with zero pressure relative tothe ambient pressure and zero veloity. For boundary onditions two dierent types ofboundary onditions are used:
• Dirihlet boundary ondition: a value of the variable is given


















4.3 Validation of the numerial resultsEquation 4.3 is valid for laminar pipe ow in the range of 0 < Re < ∞ [24℄. For aReynolds number of Re = 2000 and a tube diameter of 18mm an entrane length of
22 cm would be neessary to reeive fully developed ow. Hene, the tube length of thetrahea in the numerial model represents a very good ompromise between reliable resultsand numerial eort due to a large geometry, whih needs to be disretized.The numerial simulations were performed on the PC Farm Deimos of the ZIH (Centerfor Information Servies and High Performane Computing) at the Tehnishe UniversitätDresden. Altogether, Deimos onsists of 2576 proessor ores [54℄ of whih 64 were used.The time step size was varied between 10−4 s and 5 · 10−4 s depending on the osillatoryfrequeny of the lung ow. With this time step size the average duration of the alulationof one period is about 48 h.4.3 Validation of the numerial resultsFor validation of the numerial ode, a omparison to the experimental PIV-results ofthe rst bifuration is given. First, the ase of normal breathing under rest onditionis hosen. The Reynolds number is Re = 2000, the Womersley number is α = 3. Figs.4.3 and 4.4 depit the veloity ontours and proles in the enter plane of the mainbranhes for inspiration and expiration, respetively. The omparison of inspiration
a) b)
Figure 4.3: Veloity ontours and proles during peak inspiration, PIV - results (a), nu-merial results (b), Re = 2000, α = 3.shows good agreement of PIV-measurements and numerial results (Fig. 4.3). The regions46
4.3 Validation of the numerial results
a) b)
Figure 4.4: Veloity ontours and proles during peak expiration, PIV - results (a), nu-merial results (b), Re = 2000, α = 3.of high veloity have similar extensions. During inspiration the aeleration of the owahead of the bifuration is found in both ases. A small deviation ours for the veloityproles whih have higher gradients near the wall in the PIV - measurements. A possibleexplanation ould be the numerial grid, whih might be too oarse to fully resolve thestokes boundary layer, espeially in the lower branhes. Furthermore, the peak veloityat the top of the trahea is higher than in the numerial alulation, probably due to ashorter entrane length of the numerial model.During expiration (Fig. 4.4) the numerial and experimental results are still in aeptableagreement. The veloity is in a similar range for both ases and the veloity proles areharaterized by a omparable asymmetry.The PIV-measurements suggest a separation region in the trahea whih does not ourin the numerial alulation. However, this separation region was only observed experi-mentally for this single ase of Re and α given above. Therefore, it is not assumed to betypial for the ow in the lung model and the numerial data should be orret for thisase.The ross setional ow is ompared for one ase of high frequeny ventilation with Re =
1000 and α = 5.5 (ompare Tab. 3.2 on page 25). Fig. 4.5 shows the ow patterns inthe ross setion of the trahea during maximum expiration. For the exat position ofthe ross setion, refer to Fig. 3.6 on page 28. Fig. 4.5 a) presents the experimentalresult, Fig. 4.5 b) the numerial result, whereat the olor oded ontour of the vortiity47
4.3 Validation of the numerial resultsis superposed with the ross setional stream lines.
a) b)
x
zFigure 4.5: Vortiity ontours, olor oded, where blue indiates lokwise (negative) andred ounterlokwise (positive) sense of rotation, respetively, superposed areross setional streamlines, Re = 1000, α = 5.5, (a) PIV - results, (b) numer-ial results.Qualitatively as well as quantitatively there is a good agreement between both results.The double vortex pair ours in both ases at even similar strength. The vortex strutureof the numerial simulation is more symmetri than the experimental result and the vortexshapes vary slightly.To onlude, based on the validation results, the numerial simulation an be used topredit the ow behavior in regions, at whih experimental data are not available. Thereare small deviations onerning the veloity proles in the rst daughter branh. Thesean have dierent reasons. First, the numerial grid is quite oarse onsidering the rosssetional resolution of the ow. Thereby, small strutures were probably not fully resolved.Seond, the size of the interrogation areas, hosen for the PIV-evaluation, also determinesthe resolution of the experimental results. Here, the distane of two grid points wasabout 1.1mm. Hene, the trahea was resolved by approximately 16 grid points. Sinethis resolution is also quite oarse, it is possible that small ow details are not resolveddue to the averaging of the veloity eld aross one interrogation area. Nevertheless,both, experimental and numerial results are in good agreement with results from otherresearhers presented in the literature, e.g. [12,20,31,63,64,90℄ and typial ow phenomenaould be shown.
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4.4 Numerial results4.4 Numerial resultsNumerial results are given for the veloity distribution by iso-surfaes of the veloitymagnitude. Fig. 4.6 shows the surfae of onstant veloity vetor magnitude of 0.95m/sfor peak inspiration (a) and peak expiration (b) during normal breathing.
a) b)
Figure 4.6: Iso-ontours of the veloity magnitude for 0.95m/s for peak inspiration (a)and peak expiration (b), Re = 2000, α = 3, the omplete lung geometry issuperposed.During inspiration, the veloity seems to inrease from the trahea down to the 3rdgeneration as marked by the inreasing area whih is oupied by the iso-surfae (Fig.4.6a)). This an be explained by the slightly dereasing total ross setion area down tothis generation. Ahead of eah bifuration, a further inrease of veloity ours, whih isalso aused by the ontration of the ow at this point. The orientation of the iso-surfaehanges strongly from generation to generation. The uid is always pushed to the outerwalls of the urvature as already found in the experiments. The distribution betweenleft and right main branh is asymmetri whih is obviously a onsequene of the smallerurvature radius of the right main branh and hene, a higher pressure loss.At the rst glane, the iso-surfaes of the same veloity during expiration show a similardistribution as for inspiration (Fig. 4.6b)). Even these branhes of the 4th generationwhih were haraterized by higher veloities during inspiration show enlarged ontoursurfaes during expiration. This means that the pressure loss dierene between thebranhes is the same for inspiration and expiration.However, a loser look at the iso-surfaes reveals their dierent shape during inspiration49
4.4 Numerial resultsand expiration. During inspiration, the ontours are urved following the branh geometry,while during expiration, the ontours appear to run straight through the branhes. Asalready observed in the experiments, the loation of the same veloity ontour has shifted.Additionally, the three-dimensional shapes of the iso-surfaes have hanged. In the leftbranh of the rst generation the surfae has the largest extension in z-diretion (duringinspiration). In the trahea, the maximum extension of the iso-surfae ours in thex-y-plane. In ontrast, during expiration, the diretions of the maximum extension aretwisted. In the rst generation, the maximum extension ours in the x-y-plane, in thetrahea, it ours in the perpendiular y-z-plane.
a) b)
Figure 4.7: Iso-ontours of the y-veloity during transition from expiration to inspiration(a) and from inspiration to expiration (b), red and blue olor indiates positiveand negative veloity in the y-diretion, respetively.The transitions from expiration to inspiration and from inspiration to expiration are shownin Fig. 4.7 a) and b), respetively. The gures represent the iso-ontours of the y-veloity,where red ontours mark positive ow diretion (downwards into the lung), while blueontours mark negative ow diretion (upwards). The phase shift of the ow during thetransition times an be learly seen. Fig. 4.7 reveals a harateristi struture of thetransition zones. Typially, the return of the ow is initiated in the low inertia zones, inpartiular, zones of lower veloities. During hange from expiration to inspiration (Fig.4.7a)) two pairs of harateristi zones emerge in the trahea. On the left and right sides,the ow is direted into the model (red struture), i.e. the inspiration has already started,whereas at the front (anterior) and rear (posterior) enter of the trahea, expiration (bluestruture) still takes plae. A omparison to the iso-ontour during maximum expirationreveals that the maximum ow veloity ours in the y-z-plane. Hene, the plane of lower50
4.4 Numerial resultsinertia ow is the x-y-plane in whih the hange of ow diretion is initiated.During hange from inspiration to expiration (Fig. 4.7b)) the ow struture is ompletelydierent. The ore ow is still direted into the lung, whereas at the wall an annulus ofuid is already direted upwards.Considering the seondary ows in a realisti lung geometry, their struture varies stronglyeven within one branh. Experimentally, the ow in two seleted planes in the traheaand left branh of the rst generation was analysed and presented above. It was assumedthat these seondary ow strutures are representative for the seleted branhes. Now,as numerial data are available, the seondary ow struture an be visualized in theomplete model. Fig. 4.8 shows the iso-ontours of the heliity for peak inspiration andexpiration for normal breathing. The heliity is a measure for the strength of helialstrutures. It is dened by
H = u(▽× u), (4.4)whereat a salar value is reeived. Color oded, the heliity represents the dierentsenses of rotation, i.e. red - positive, lokwise rotation, blue - negative, ounterlokwiserotation and the shape of the helial vorties an be seen.
a) b)
Figure 4.8: Iso-ontours of the heliity during peak inspiration (a) and expiration (b),red indiiates positive, lokwise rotation, blue - negative, ounterlokwiserotation.During inspiration (Fig. 4.8 a), a vortex pair, an be found in eah generation of themodel. The extension of the vortex pair is maximal at the beginning of eah generationand dereases slightly at the end. The heliity magnitude is preserved again down tothe 3rd generation and dereases slightly further downstream, whih an be seen from51
4.4 Numerial resultsthe smaller iso-ontour surfaes. Consequently, it is assumed that the seondary vortiessale with the loal veloity whih remains onstant down to the 3rd generation.During expiration, the PIV results have shown a double vortex pair in the trahea (om-pare Figs. 3.14 and 3.13 on page 38). This struture was not observed in the rst branh.Now, the omplete struture of the vortex generation in the whole model an be visualized(Fig. 4.8 b). It an be seen that the double vortex pair starts to form upstream at eahbifuration originating from a single vortex pair whih approahes from the two daughterbranhes. Further upstream, the double vortex pair vanishes due to the inuene of theurvature of the branhes. Hene, a new vortex pair is generated at the outside of thebend. As no urvature exists, whih is the ase in the trahea, the vortex only losesstrength. The maximum seondary veloity found here is about 20% of the average mainow veloity, whih is in agreement with Ref. [32℄.To onrm the assumption that the vorties sale with the loal main veloity, i.e.Reynolds number, the veloity vetors in ombination with the heliity ontours are il-lustrated in Fig. 4.9 for two dierent Reynolds numbers, Re = 2000 (Fig. 4.9 a) and
Re = 3000 (Fig. 4.9 b). Eah image shows the same ross setion of the rst generation(upper ross setion in Fig. 4.10). It an be seen that for Re = 3000 the heliity is aboutthree times higher than for Re = 2000. The in-plane veloity has approximately doubled.This means that seondary vortex strength strongly inreases with higher Re and the re-lation is not linear. These ndings are in ontrast to Fresoni and Prasad [32℄ who statedthat up to a ritial Reynolds number of Re = 100, seondary vortex strength inreaseslinearly with Re and above this number, the vortex strength remains nearly onstant.
a) b)Figure 4.9: Veloity vetors and ontour of the heliity in a ross setion of generation 1for two dierent Reynolds numbers, a) Re = 2000, b) Re = 3000.In order to gain more information about the vortex struture, dierent planes of the52
4.5 Conlusionsrst and seond generation are seleted and the in-plane streamlines are plotted (Fig.4.10). At the beginning of eah branh the vortex pair is symmetri and well pronouned,the strength is maximal. Further downstream, it loses strength and the harateristisymmetri vortex pair vanishes. The setional streamlines rather indiate a single swirl.At the bifuration, two new vortex pairs start to emerge.
Figure 4.10: Seondary ow strutures in seleted ross setion of the right main branh,olor ontours represent the heliity, superposed are in-plane streamlines.These numerial results show that struture of the seondary vorties strongly varies alongthe branh. Hene, the experimental measurements were apparently arried out in a planein whih the vortex struture has vanished. This nding is in ontrast to Fresoni andPrasad [32℄ who assumed a onstant vortex struture throughout the omplete branh.4.5 ConlusionsThe numerial simulation was in good agreement with the experimental results. Hene,ow phenomena whih ould not be measured were visualized by numerial data. Atthe times of ow transitions from ex- to inspiration and ins- to expiration, the ow isbidiretional due to the phase shift of osillatory ow; harateristi regions with dierentow diretions develop. These regions reet the dierent ow struture during ins- andexpiration. Sine during expiration the maximum ow veloity ours in the y-z-planein the enter of the tube, the return of the ow has to be initiated at the outside ofthe perpendiular x-y-plane. During inspiration suh a harateristi plane of maximumveloity does not develop. Hene, the ow starts turning annularly lose to the wall.Furthermore, it ould be shown that vortial strutures our in all generations during53
4.5 Conlusionsinspiration and expiration. Vortex pairs are generated during inspiration in eah branhby entrifugal fores. Due to the hange in urvature and bifurating geometry, vortexpairs are not onserved beyond a bifuration but rather develop anew. In ontrast, thevortex pairs from the daughter branhes unite in the parent branh to two vortex pairsduring expiration. However, halfway through the tube the vortex pairs have vanished andstart to develop again. Consequently, the ow struture depends on the loal urvatureand does not have a history from the upstream ow.
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5 Visualization of mass owdistribution
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5.2 Experimental methods5.1 ObjetiveThe method of HFOV is frequently used and well established for linial treatment ofpediatri diseases. However, the overall yle-to-yle net transport mehanisms inludingall urrently known eets (for details refer to literature review (Chapter 2) are still notfully understood.Fredberg et al. [30℄ have shown that the loal distribution of air and the hange of thepressure in the alveoli an be inuened when the ventilation frequeny is lose to theresonant frequeny of the loal lung region. They further speulated that by variation ofthe frequeny and the pressure distribution, the ventilation of dierent areas of the lungan be ontrolled. Based on this idea, this study will fous on ow partitioning visualizedby adveting partiles at ow onditions harateristi for HFOV. The probability dis-tribution of partiles representative for mass transport in dierent branhes of the lungwill be investigated here under varying boundary onditions. Therefore, the long-termpartile motion within the in-vitro lung model is analyzed. This model is idential to theone, whih was used in the previous study (hapter 3).5.2 Experimental methods5.2.1 Flow parametersThe harateristi ow parameters whih were hosen for the subsequent experiments aresummarized in Tab. 5.1.The tidal volume used in linial HFOV (TV ≈ 60−100ml) usually represents 40−70% ofthe geometry dead spae. The dead spae of the model used here is only 60ml due to thelimited number of bifuration generations. In order to keep the same volume ratio the tidalvolume was redued to 30− 50ml in the experiments. Typial frequenies applied duringHFOV are between 3 and 10Hz [117℄. With the values given above, Reynolds numbers forlinial HFOV an vary between 2500 and 14000, Womersley numbers between 9 and 18.Consequently, the harateristi ow parameters applied during these experiments are inthe lower range of linial HFOV in real lungs and slightly below, respetively.
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5.2 Experimental methods CorrespondingTidal Reynolds Womersley frequenyvolume Frequeny number number in air(ml) (Hz) Retrachea αtrachea (Hz)30 0.5 400 5.5 0.930 1.0 800 7.8 1.930 1.5 1190 9.5 2.830 2.0 1590 11.0 3.730 2.5 1980 12.3 4.640 0.5 530 5.5 0.940 1.0 1060 7.8 1.940 1.5 1590 9.5 2.840 2.0 2120 11.0 3.750 0.5 660 5.5 0.950 1.0 1320 7.8 1.950 1.5 1980 9.5 2.850 2.0 2650 11.0 3.7Table 5.1: Experimental settings for visualization of the distribution of mass.5.2.2 Visualization tehniqueIn this setion, the visualization tehnique to measure mass ow distribution is presented.Therefore, larger partiles with a mean diameter of 200µm were used whih were visu-alized diretly. These partiles were again neutrally buoyant polyamide traer partileswith a density of ρ = 1150kg/m3. For an approximation of their ability to follow the owwith negligible slip error, the Stokes number has to be alulated again.At the given maximum frequeny of 2.5Hz and a partile size of 200µm the resultingStokes number is St = 6.6 · 10−4. Sine for St < 0.01 the response error of partiles dueto veloity hanges is below 0.7%, the slip veloity error may still be negleted.In order to observe the yle to yle transport eets within the lung the model was freeof partiles at the beginning of eah measurement. Just before the piston motion wasstarted a bolus of uid (1ml) with 300-350 partiles was inserted into the system at thetop end of the trahea and their positions were reorded thereafter over a large number ofventilation yles. The number of partiles was ounted by visual inspetion of the bolusin a small glass tube prior to injetion to ensure that a similar number of partiles was57
5.2 Experimental methodsused in eah experiment.A lab-made teleentri bakground illumination with parallel light allowed to obtain aprojetion of all partiles in the lung model onto a single CCD-sensor (Fig. 5.1). Theteleentri set-up onsisted of 3 lenses as shown in Fig. 5.1.Sine, in the projetion the branhes overlap only in very small areas, we ould distinguishthe dierent paths of the partiles in the network just by the known geometry of thebronhial tree. The partile motion in all branhes of the 3D lung model ould be reordedsimultaneously. Unertainty due to superposition of partiles at the same x-y positionand dierent z-positions ould be negleted beause of the low partile onentration.






zFigure 5.1: Shemati set-up for teleentri image aquisition, inluding the optial paths.A pulsed light emitting diode (LED) was used as light soure (GaAlAs super bright lightemitting diode, model: 383URC-3, Roithner Lasertehnik). It was driven by a onstanturrent of 1A with a pulse duration of 1µs. A bre opti was onneted to the LEDsattering the light beam by an angle of 60◦ at its end.The advantage of an LED is that the intensity of all light pulses is idential sine theemitted light intensity is proportional to the urrent through the LED. Furthermore,due to the method of bak light illumination, the whole lung model was illuminatedhomogeneously without spekle noise whereas the illumination by a laser beam wouldause a Gaussian distribution of light intensity on the images. Thereby, it was veryimportant to over this illumination set-up from ambient light. This would lead again todierent light intensities on the images.The amera used for image aquisition is a high speed amera (Photron APX RS) runningwith a resolution of 512x512 pixels. The frame rate for image reording was adaptedaording to the applied frequeny whih was in the range of 65-230 frame per seond (fps).For an adequate displaement of partiles between subsequent pitures, 130 images perperiod were reorded. Consequently, the displaement of partiles between two subsequent58
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Figure 5.2: Flow hart for image evaluation, (a) originally reorded image, (b) subsequentoriginal image, () image after division of two subsequent images with partilesshown as blak dots, (d) superposition of all images of one data set representingprobability distribution, darker regions denote higher partile probability.The raw data are long sequenes of images ontaining the partile position represented bya gray value distribution between 0 (blak) and 255 (white). Partiles an be identied asdark shadows on a lighter bakground (Fig. 5.2a) and b)) with a typial diameter of 1.5pixels. To separate the partiles from the bakground, eah image was divided pixel bypixel by its subsequent piture. As a result regions of moving objets appear as dark pixel59
5.2 Experimental methodsareas whereas the stationary bakground of the lung model beomes bright (Fig. 5.2)).This image proessing tehnique is only possible beause of the onstant light intensityof eah LED pulse. The two images are idential exept for regions where partiles havemoved within the time span between two suessive images. The dividing tehnique isespeially suitable for the method of baklight illumination sine a onstant bakgroundan be ompletely eliminated. The division of a piture by a referene piture is based onequation 5.1 for the modulation of parallel light.
I(x, y) = I0(x, y) ·m(x, y), (5.1)In equation 5.1 I(x, y) denotes the light intensity measured at a pixel at the position xand y. I0(x, y) is the intensity of the referene image at this position and m(x, y) denotesthe modulation of light produed by an objet. Here, it is basially the shadow of thepartiles whih modulates the light (sine they are muh larger than the wavelength ofthe light). Therefore, the image with intensity I orresponds to eah frame (Fig. 5.2a)),
I0 to the suessive frame of the frame series (Fig. 5.2b)). The divided image (Fig. 5.2))ontains only the information of the modulation funtion due to the moving partiles andis therefore ompletely independent from the intensity distribution of the bakground.Fig. 5.2d) shows the nal partile probability distribution, whih will be explained in thenext paragraph.5.2.4 Calulation of the Probability distributionThe resulting modulation of light m(x, y) of the divided images was then inverted andbinarized by the appliation of a suitable threshold aording to equation 5.2 and a newmodulation funtion M(x, y) was reeived:
M(x, y) =
{
0 for 1−m(x, y) < 0.85
1 for 1−m(x, y) > 0.85
}
. (5.2)In the new images, whih ontain the information of the modulation funtionM(x, y), thepixels of the value 1 represent the positions of the moving partiles and the bakgroundhas the value 0 (blak). The probability φ(x, y) of partiles, passing a ertain loation
(x, y) in the images n, was determined by the following equation60







. (5.3)The variable N denotes the total number of images (130 x 63 ventilation periods = 8190).The higher the value φ(x, y) the more often partiles have passed a spei position (x, y)in the images of the branhing network (maximum 100%). At positions never passed bya partile the value remains zero. The maximum probability value whih was alulatedwas max(φ) = 63 , only. This value is the referene value of 100% for all experiments.The theoretial maximum of 8190 was not reahed, rstly due to the method of inserting asmall denite number of partiles at the beginning of eah measurement, seondly partilesleave the model over time either at the inlet trahea or at the distal outlets.The aim of the analysis was to ompare the partile probability representative for masstransport within the lung for dierent non-dimensional parameters applied during ven-tilation. Consequently, the absolute values are less important ompared to the relativedeviations between the results. Therefore, all values were saled with the maximum of 63.For visualization of the probability distribution in an 8bit image, the range was strethedto span the olor range from 0 to 255 now representing 100%.The probability distribution of the nal image as shown Fig. 5.2d) was inverted for bettervisualization. Here, the darkest pixels represent highest partile probability. This proba-bility density of partiles is representative for the ow partitioning in the upper airwaysof the human lung. The spekled intensity distribution is due to disrete distribution ofpartiles. For the parameter settings given in Tab. 5.1 eah measurement was repeated10 times and averaged in order to reeive statistially reliable results of the partile prob-ability. Thereby, the results beome independent of the initial partile loations in thebolus (initial boundary onditions) and of slight variations of total partile numbers ineah experiment.5.3 Results and disussionGeneral probability distributionA typial probability distribution is presented for α = 11.0 and Re = 1590 in Fig. 5.3,where the probability distribution is olor-oded. Sine the bolus was inserted at the61
5.3 Results and disussionentrane of the trahea the highest probability values our within this region sine parti-les osillate in the trahea and the main branhes during several ventilation yles untilthey enter the lower generations. The probability dereases while moving deeper into thenetwork. Nevertheless, partiles our in all lower branhes of the model. Although thetidal volume for the ase presented in Fig. 5.3 was only 50% of the model's dead spaemass transport is observed through all branhes. Transport phenomena suh as steadystreaming, pendelluft and trap and release eets [77℄ ontribute to an eetive exhangeof mass within the lung.
Figure 5.3: Relative partile probability distribution in the lung model exemplarily for
α = 11.0 and Re = 1590, olor sale represents probability values in % relatedto the maximum value of 63.Parameter variations - Reynolds number eetsIn Fig. 5.4 the results for onstant Womersley numbers (within eah row) but inreasingReynolds numbers are shown. For omparison of the probability distribution, three on-tour lines, eah representing one spei ontour level, are shown. The extension of theontour lines of the same probability an be interpreted as penetration depth of the par-tiles into the dierent branhes. Comparing the low Womersley number ases (α = 5.5,rst row), a symmetri probability distribution with a value of 15% an be seen in thedaughter branhes of the left main branh. The Reynolds numbers are approximately inthe same range between 400 and 600. Consequently, dierenes between the maximumpenetration depths are small and only slightly inreased at Re = 660. Even though thetidal volume has almost doubled from 30ml to 50ml its inuene on probability distri-bution is only marginal. One exeption is the probability in the seond generation of the62
5.3 Results and disussion
Re = 400
tidal volume = 30ml
Re = 1320Re = 1060Re = 800
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Figure 5.4: Contour lines of probability distributions within the human lung model forvarying Womersley and Reynolds numbers, green ontour lines represent 50%probability, red 30% and blue 15%.right lobe at Re = 400. Here, the probability is higher than for Re = 530 and 660. Apossible explanation is that partiles need more yles in the main branhes before theyreah lower generations and axial streaming is redued. Hene, partile probability inthe generations 3-6 has to be signiantly lower at Re = 400 ompared to Re = 530 and
660. The symmetri distribution in the seond generation of the left lobe is due to the lowReynolds number. The pressure loss in the lower branhes is small and therefore, the pres-63
5.3 Results and disussionsure distribution between parallel branhes remains homogeneous. Consequently, mass isequally distributed and the inuene of asymmetri geometry seems to be negligible.Comparing the ases with α = 11.0 (last row in Fig. 5.4), variations in penetration depthsare more signiantly pronouned due to the larger inrease of the Reynolds number from1590 to 2650. It an be observed that the symmetri distribution found for low Re and
α has hanged. Now, the inner branhes of the seond generation mark the preferredpathways as marked by the ontour lines for 15% probability. In those generations,haraterized by a strong hange of urvature, lower probabilities are found. Stronghanges in ow diretion lead to inreased pressure loss and hene to an asymmetripressure distribution within parallel branhes.The phenomenon of preferred pathways was already found for steady ow by Snyder etal. [96℄ who observed ow partitioning non-uniformly among daughter branhes with themedial branhes reeiving a greater proportion of the ow than the lateral branhes, es-peially at inreased Reynolds numbers. Furthermore, as the penetration depth inreasesfor higher Re the ontours for the probability of 15% are narrowed in the main daughterbranhes. As also stated by Fresoni and Prasad [33℄ the partile penetration is strethedaxially leading to higher probability in lower generations due to inreased axial streaming.In ontrast, the extension of higher probability ontour lines has strongly dereased. Theontour lines of 50% probability at α = 11 and Re = 2650 have almost vanished, theontour line of 30% an only be observed within the trahea. A shift of probability distri-bution has ourred leading to lower probabilities in the main upper airways and higherprobabilities in the lower generations. It an be assumed, that partiles reah the lowergenerations within a shorter period of time. An improved mass transport through thelung bifurations at higher Reynolds numbers assoiated with higher tidal volumes wasalso desribed by Fang et al. [27℄ and Tarbell et al. [101℄. At larger Re the onentrationprole is skewed to the inside wall of the bifuration in the branhes with strong urva-ture. In general, for inreasing Reynolds number, entrifugal fores inrease and thus theseondary motions whih result in enhaned mixing and streaming proesses as well asin augmented dispersion. The distorted onentration proles mimi the veloity prolesdesribed in Adler and Brüker [1℄. The agreement of veloity and onentration prolesfor urved tubes has previously been stated by Ekmann and Grotberg [25℄ based on the-oretial investigations. At inreasing tidal volume and Reynolds number, mass transportis enhaned due to higher onentration in the regions of higher veloity. Therefore masstransport in urved tubes exeeds that of osillatory ow in straight tubes.64
5.3 Results and disussionComparing the results for the same tidal volume (refer to eah olumn in Fig. 5.4)but inreasing Womersley number, an even larger inrease of penetration depth ould beobserved for the ases with a tidal volume of 40 and 50ml. At onstant tidal volumethe values of Womersley and Reynolds numbers were hanged simultaneously. Hene,eets of Womersley and Reynolds number ould not be separated. This observation ofinreased penetration depths at onstant tidal volume is in ontrast to the suggestionsof Fang et al. [27℄ who drew the onlusion that tidal volume plays a more importantrole in mass transport than the frequeny. However, their assumptions are based onmass transport by steady streaming per ventilation yle. Here, the results representprobability distributions over a larger number of yles. Time-dependent eets suh aspendelluft or steady streaming aumulate. Therefore, it is reasonable that the results,presented here, dier from those of Fang et al. [27℄.Womersley number eetsFig. 5.5 displays the results for onstant Reynolds number (eah row) but inreasingfrequeny. The probability distribution is again oded by iso-ontour lines.
tidal volume = 40ml tidal volume = 30ml
tidal volume = 50ml tidal volume = 30ml
a = 9.5
















Figure 5.5: Contour lines of probability distributions within the human lung for dierentWomersley but onstant Reynolds number, green ontour lines represent 50%probability, red 30%, blue 15%.65
5.3 Results and disussionDue to the already high Reynolds numbers, preferred pathways into the inner branhesould be observed for all ases. However, for the ases of higher Womersley numberthe probabilities within eah branh are more homogeneous. The radial extension hasinreased as an be seen from the ontour proles. Additionally, in the seond generationat the right-hand side of the lung model a higher penetration depth an be found forlower tidal volume but higher Womersley number. This observation onrms one morethe assumption made above, that the inuene of the tidal volume on mass transport islower than the inuene of the Womersley number.Probability distribution in eah generationFor better quantiation of the distribution of mass the average values of the probabilityat seleted ross setions down to the 6th generation are given (Fig. 5.6 and 5.7). Theinuene of inreasing Womersley number at onstant Re is presented in Fig. 5.6. Theresults for inreasing Re at onstant α are shown in Fig. 5.7. Sine the longitudinaldistanes of the ross setions from the arina vary strongly within the branhes of onegeneration, these values are summarized in Tab. 5.2. In the nomenlature of the branhesthe letter G stands for generation, the number denotes the generation. R and L de-note the right and left branh of eah bifuration, respetively. The maximum dierenebetween the longitudinal distanes within one generation ours at generation 5 with adierene of 26mm between the ross setions.Branh Longitudinal distane(nomenlature) Generation from the arina (mm)G1L, G1R 1 13G2LL, G2LR 2 40G2RR, G2RL 2 64G3LLL, G3LLR 3 54G3RRR, G3RRL 3 76G4LLLR, G4LLLL 4 60G4RRRR, G4RRRL 4 82G5LLLLL, G5LLLLR 5 75G5RLLRL, G5RLLRR 5 101G5RRRRR, G5RRRRL 5 91G6LLLLLL, G6LLLLLR 6 89G6RLLRLL, G6RLLRLR 6 114G6RRRRR, G6RRRRL 6 105Table 5.2: Longitudinal distanes from the arina of seleted ross setions.Comparing the ases of dierent Womersley numbers, the probability in the ross setion66
5.3 Results and disussionof the main branhes (1st generation) is less symmetri for higher α. As already statedby Elad et al. [26℄, HFOV leads to enhaned asymmetry eets for asymmetri lunggeometries. In the seond and third generations, asymmetri probability distributionsan be found for both Womersley numbers. From the 4th generation to more distalbranhes, the probability beomes more symmetri for the higher Womersley number. At
α = 12.3 the probability in all analyzed branhes of the 4th generation is at about 6%whereas at α = 9.5 the averaged ross setional probability varies there between 5.6% and12.7%. This asymmetry at α = 9.5 ould be explained by the dierent distanes fromthe arina. For all branhes distal to the left main branh the distane is about 22mmless than the distane to the distal branhes of the right main branh (see Tab. 5.2).For α = 12.3, dierenes in ow partitioning due to the inuene of asymmetri lengthsand urvatures (i.e. dierent downstream pressure losses) have been dereased. Phaseshift of ow between parallel branhes ours whih leads to an exhange of mass, i.e.pendelluft. Consequently, high frequenies ompensate the eets of asymmetri geometryand mass distribution in the lower branhes. Additionally, higher frequenies inreasethe inlet pressure within the trahea and large dierenes in ompliane beome lessimportant [6,26℄. In these referenes it is shown that despite large dierenes between theomplianes at the distal ends of the lung model, high frequeny leads to homogenizationof ow partitioning.Although a more homogeneous distribution was observed for a higher Womersley num-ber, the probability in the entral branhes G5RLLRL, G5RLLRR and G6RLLRLL,G6RLLRLR is still higher (about twie as high) than in the lateral branhes. As statedabove, the overall probability in the medial branhes (G2LR and G2RL) is muh higherthan in the lateral branhes, even for higher Womersley numbers. This asymmetry ouldnot be ompensated by mass exhange between parallel branhes. Pendelluft eets aretherefore seemingly not important within the main branhes, at least not for the Wom-ersley numbers applied during our investigations and the model we used. Consequently,strong asymmetries ourring within the rst and seond generation might also propagateinto the lower generations.For inreasing Reynolds number but onstant Womersley number (Fig. 5.7), a signianthange in probabilities ould only be observed in the upper main branhes (generation1 and 2). As the probability dereases in the rst generation, it inreases in the medialbranhes of the seond generation. In the lower generations the integral probabilitiesremain at the same level or even derease (G6RLLRLL and G6RLLRLR). These obser-67




























































































































































Figure 5.7: Probability distribution at seleted ross setions of eah generation for dif-ferent Reynolds numbers at α = 11, higher probabilities are oded by largerfont size.5.4 ConlusionsIn this study ow partitioning in a branhing network was visualized by partile advetionunder high frequeny osillatory ventilation (HFOV) onditions. This method allows toanalyze the probability distribution of uid elements passing ertain branhes in the lungnetwork for a large number of yles. The onrmation of results already stated byother researhers proves the suitability of this measurement tehnique to investigate thedistribution of mass ow within human lung. The inuene of dierent harateristi ownumbers ould be shown independently.The appliation of dierent Womersley numbers α at onstant Reynolds number Re hasshown that for inreasing α (i.e. inreasing frequeny), a larger number of yles is neededto transport mass in the lower generations. Note, that the tidal volume had to be de-reased in order to keep the Reynolds number onstant. Nevertheless, the total time forthe partiles to reah the lower branhes remains the same for higher frequenies, thusthe streaming veloity is omparable. Consequently, HFOV is not only assumed to bemore protetive [60℄ than onventional mehanial ventilation, but it is also harater-69
5.4 Conlusionsized by the same eieny. Inreasing α at onstant Re reveals that partiles are morehomogeneously distributed within the lower branhes. Asymmetries observed at lowerWomersley numbers in generations 4-6 may be ompensated by enhaned seondary mo-tion and pendelluft eets. However, it was also shown that strong asymmetries in owpartitioning within the upper branhes (2nd generation) ould not be ompensated bymass exhange eets ourring at higher frequenies. This indiates that the inuene ofthe lower generations does not propagate up to the generations 0 to 2. The impedanesof the lower branhes do seemingly not inuene the transport of mass within the mainbranhes.An interesting fat is that the tidal volume (TV) plays only a minor role. Even a dereaseof the TV leads to the same transport eieny at inreasing Womersley number.
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6 Role of ventilation frequeny inairway reopening
71
6.2 Material and methods6.1 IntrodutionFor onventional mehanial ventilation the time onstants of dierent lung regions areonly of minor relevane due to the relatively long inspiration and expiration times. How-ever, during HFOV, inspiration duration is shortened signiantly and subsequently thedistribution of air inreasingly depends on the pulmonary harateristis, too. Further-more, a variation of ventilation frequeny during HFOV is assoiated with a shift ofventilation distribution (see setion 5.3). Hene, frequeny-dependent ventilation ouldbe used to seletively reruit ateletati lung areas.The present study fouses on the role of HFOV in airway reopening. A simplied modelrepresents a highly inhomogeneous lung region onsisting of a ollapsed and an openairway branh next to eah other in a single bifuration. The phenomena found withthe simplied model will be veried for a more realisti, three-dimensional model of thehuman lung inluding the rst 6 airway generations. Using these models we have studiedthe ination dynamis of lungs with inhomogeneous lung parts haraterized by ollapsedregions adjaent to healthy and open lung areas.6.2 Material and methods6.2.1 In-vitro lung modelThe in-vitro investigations were arried out at two dierent models of the airway network.For further referene, these models will be indiated by the index M, the original lung isindiated by O. The rst model is a rigid transparent tube model with a single bifurationonsisting of the trahea and main branhes in the same sale as a human adult lung. Itis used to quantitatively analyze the airway reopening mehanisms (see Fig.6.1a) and b)).For omparison of the results in the single bifuration to a more realisti representation ofthe bronhial tree, a seond model was used whih overs the upper airways down to the6th generation (Fig. 6.1)). The geometry of the trahea and rst generation is identialto the single bifuration model. The geometry and manufaturing of the 6-generationmodel is idential to the previous studies and has been desribed in setion 3.2.1. Thesingle bifuration model inludes a ollapsed airway passage whih is represented by athin 45µm natural rubber latex membrane (Ansell, Austria) whih loses one exit of the72
6.2 Material and methodsbifuration branhes (left branh in Fig.6.1 a) and b)). The other branh was left opento the ambient representing the impedane of a free ow pathway further down into thelung. The aim of the study was to demonstrate the opening mehanisms of the membraneas funtion of dierent ventilatory frequenies. This model thereby haraterizes a lungregion with a large dierene in the time onstants and inhomogeneous ompliane. Inthe same way as in the single bifuration model, all distal ends of the left main branhin the 6 generation model were losed again by thin rubber membranes (see Fig.6.1)),representing a ollapsed lung lobe.




. (6.1)The variable ̺ denotes the uid density. For the same non-dimensional opening pressureof the simplied membrane model and a ollapsed lung regime, a omparable physialbehavior is ensured for the reopening and initial phase of lling. From this ondition theappropriate membrane stiness for the liquid model an be determined. Therefore, theopening pressure ∆p in equation 6.1 is replaed by ∆V/C, where ∆V is the tidal volumeand C denotes the ompliane of the membrane. Given that U = 2 · π · f · h ≈ f ·∆V/D2(h = piston amplitude) leads to the following expression for the Euler number
Eu =
∆V/C
̺/2 · (f ·∆V/D2)2
≈
D8
































. (6.3)With a density ratio of ̺M/̺O = 960(̺liquid = 1150 kg/m3, ̺air = 1.2 kg/m3), a kinemativisosity ratio of νM/νO = 0.54 (νliquid = 8.4·10−6m2s−1, νair = 15.6·10−6m2s−1), a salingfator of DM/DO = 1 and therefore ∆VM/∆VO = 1 it is obtained that the omplianeof the membrane needs to be a fator of 1/280 smaller than the values representative fortypial ateletati lungs in order to simulate a realisti airway reopening and reruitmentbehavior in our liquid model.For a healthy adult lung a typial value of the ompliane is in the range of 100 −
150ml/cmH2O. For an ateletati lung these values are redued by 1/10 down to 10 −
15ml/cmH2O [87℄. Therefore, the ompliane of the membrane should be in the rangebetween 0.036 and 0.054ml/cmH2O.6.2.2 Pressure-volume relationship of the membraneThe pressure-volume (p-v) urves of the membranes were measured by using a syringewhih displaes a spei volume of uid into the branh to inate the membrane into aballoon shape and by measuring the stati pressure simultaneously with a pressure sensor(Kistler, type 4043A2).As shown in Fig.6.2, the p-v urve (solid line) is haraterized by a small slope in volumein the initial ination phase (bulged membrane, see A,B) until the pressure reahes aritial value (B). Beyond, the membrane expands to the shape of an inated balloonwith a orresponding volume inrease until it reahes a new equilibrium position at alower pressure. This represents a negative stiness behavior as a result of the dierentstates of the membrane shape hanging from a bulged membrane (B) via a jump-liketransformation to an inated balloon like shape (D). Therefore, the model features asimilar, non-linear pressure-volume (p-v) behavior during ination as measured by Sukiet al. [100℄ and Alenar et al. [2℄ for the ollapsed lung in the proess of being inated,i.e., a steep inrease of pressure up to the opening pressure and thereafter a relaxationand ongoing lling of the reruited area whih they alled a phase of negative elastane.The pressure peak at whih the membrane expands to its shape of a balloon is dened as74













analyticalFigure 6.2: Pressure-volume harateristi urve of a silione rubber membrane (solidline), analytially alulated pressure-volume harateristi (dashed line); thevolume represents the amount of uid displaed by the membrane from theinitial plane strethed state.the opening pressure. Based on the measured p-v urve the orresponding ompliane







= 0.05ml/cmH2O. (6.4)This value for the ompliane orresponds to the physiologial ompliane CO of ateletatilung areas with the saling fator of equation 6.3.For validation of the experimentally determined pressure-volume relation, the results areompared to the analytial solution for a rubber balloon [79℄:




























. (6.5)In equation 6.5 G denotes the shear modulus, d0 and r0 denote the material thikness andequivalent balloon radius before distension, β/G is a onstant for rubber balloons. Thesevariables were set as follows aording to the manufaturer:
G = 4.5 · 105 Pa d0 = 0.045mm r0 = 5mm β/G = 0.08The analytially alulated pressure-volume harateristi is additionally plotted in Fig.6.2 (dashed line). It an be seen that the trend is similar to the experiments. Deviations75
6.3 Resultsbetween experimental and analytial results an be explained by dierent initial ondi-tions as the analytial alulation assumes a spherial balloon shape. Additionally, smallmaterial inhomogeneities might alter the results.6.2.3 Measurement methodsFor the analysis of the ination dynamis, the opening stages of the membrane as funtionof time and frequeny were reorded by a high speed amera (Photron APX RS). More-over, the method of Partile Image Veloimetry (PIV) was applied in order to analyzethe ow strutures within the in-vitro models. For this method, small traer partiles(d = 22µm) were added to the ow. Their displaement within a dened time delay isa measure for the loal ow veloity. In order to illuminate a spei plane in the lungmodels, a light sheet was generated by a high speed laser (Pegasus, NEW WAVE). Imageswere reorded again by the high speed amera.6.3 ResultsThe net inux into the ollapsed branh is measured by the displaed volume of themembrane during a omplete breathing yle in the period T for dierent non-dimensionalventilation frequenies α (see Fig. 6.3a). The net inux is shown in relation to the totaltidal volume. Even if one end of the bifuration is "open" the membrane at the oppositebranh starts to expand with inreasing frequenies. At a ritial Womersley number of




t / T(b)Figure 6.3: Relative balloon volume for dierent Womersley numbers as funtion of thenon-dimensional yle time, t/T denotes the time t related to the yle time T;the level of reopening represents the instant at whih the membrane expandsto the shape of a balloon. The dashed line marks the point of maximumlling of the membrane; (a) inated relative volume of the single bifuration,(b) relative volume of the inated balloons of the 6 generation model.brane at seleted stages during ination is shown in Fig.6.4. Sine the model inludingthe membrane is transparent, the mass and momentum ux into the reopened membranewas visualized here using long time exposures of the traer partiles. The formation of avortex ring serves as an indiator for the uid momentum entering the reopened branhby means of its size and irulation.
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t/T = 0.1 t/T = 0.2 t/T = 0.3 t/T = 0.38Figure 6.4: Opening stages of the membranes at dierent times during the inspiration at
α = 10.3.6.3.1 Partile Image Veloimetry (PIV) - MeasurementsFor additional omparison of both models, PIV-measurements were performed in theenter plane setion of the trahea and the rst daughter branhes (see Fig. 6.5).
PIV - sectionPIV - section
Figure 6.5: Seleted setions of the lung models for PIV-investigations, a) single bifura-tion model, b) 6-generation model.The results are summarized in Fig. 6.6a) and b) showing the veloity vetors and veloitymagnitude olor oded for the instant of maximum inspiration for two dierent Womersleynumbers, α = 6.7 (Fig. 6.6a) and α = 10.3 (Fig. 6.6b). For low Womersley numbers(α = 6.7) no inux into the left branh ould be observed for both lung models, whereasat α = 10.3 a onsiderable amount of mass enters the left branh. The veloity prolesfor the single bifuration and 6 generation model are similar for α = 10.3, too. ThePIV results demonstrate that despite the simpliity of the single bifuration model, the78
6.4 Conlusionveloity proles and membrane opening behavior are similar to the three-dimensional 6-generation model. This allows to onlude that ow partitioning in highly inhomogeneouslungs is mainly determined by the dierent omplianes whilst the inhomogeneity of thetree network branhing struture plays only a minor role.
a)
6 generation model single bifurcation model
b)
single bifurcation model6 generation modelFigure 6.6: Results of the PIV-measurements, shown are veloity vetors and olor-odedthe veloity magnitude for two dierent Womersley numbers α and lung mod-els at the instant of maximum inspiration, (a) α = 6.7, Re = 1169(fair =
1.4Hz, TV = 60ml), (b) α = 10.3, Re = 2727(fair = 3.3Hz, TV = 60ml).
6.4 ConlusionThe present study shows that ventilatory frequeny has an important impat on airwayreopening. Aording to the presented data, relatively sti membranes at the distalends of lung models, omparable to ollapsed lung airways, are reruited suessfullyat higher frequenies (Womersley numbers). The higher frequenies of the ow induehigher veloities (the tidal volume was kept onstant) and in onsequene an inreaseof the visous pressure loss of the ow in the free pathways of the lung. Consequently,the mean upper airway pressure will inrease, whilst the balloon pressure in the lowerhealthy units remains unhanged. If this pressure inrease in the upper airways exeedsthe opening pressure of low ompliane units, these regions will open up, inate andtheir volume inrease improves their ompliane. Consequently, a suessful reruitmentlargely depends on how far down in the bronhial tree the ollapse is loated. If upperregions of the lung are ollapsed, it is easier to reruit these areas sine the pressure lossin the remaining free airway pathways is larger. When the ritial opening pressure ofthe membrane in the model is reahed, the suessive inow beomes largely ontrolled79
6.4 Conlusionby the non-linear pressure-volume harateristis of the membrane.As the dashed line in Fig. 6.3a) and b) demonstrates, there is a phase shift of themaximum lling towards the end of the inspiration phase with inreasing frequeny. Thisbehavior represents the "negative elastane" of the lung observed by Alenar et al. [2℄.It an be explained by the hange of the harateristi timesale τ = C · R = ∆V/V̇before and after reopening. Up to the opening pressure, the time-sale of the ateletatiregion is short due to both a low ompliane and a low amount of displaed uid. Thishanges dramatially after suessful reopening where the time-sale largely inreases dueto the steep inrease of the ompliane and resistane. Consequently, the maximum llingours later in the inspiration yle. Note also, that muh larger time-sales an o-existdue to the interation of branhes in multiple ow networks as shown by Brueker andRiethmuller [10℄. These time-sales result from resonant interation of ow separation insuessively bifurating branhes. In addition, due to the inreasing phase shift of theore ow relative to the osillating pressure gradient with inreasing frequeny (annular-eet [105℄), uid regions of low inertia respond earlier to the hange of the pressuregradient than ow regions with high inertia. This ontributes to a further delay of themaximum lling state to the end of the inspiration yle. Thus, both eets support theimportane of the end-inspiratory pressure to keep the lung open.
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7 Airway obstrution by liquidbridges
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7.2 Experimental model7.1 IntrodutionThe human lung airways are typially oated by a thin visous liquid lm alled muus.During diseases suh as asthma or bronhitis muus prodution is inreased and an evenobstrut the human airways [15, 55℄. Espeially in the ase of neonates, a deienyof surfatant often leads to airway losure due to higher surfae tensions [42℄. In moreompliant lungs, higher surfae tension an lead to a ompliant ollapse at whih theairway walls are bukled/deformed [39℄.In both ases the airways have to be reruited by mehanial ventilation whih an againdamage the lung tissue when onventional mehanial ventilation is applied [22,35℄. There-fore, HFOV is frequently used as it might lead to less overdistension in the lungs at stillsuient gas exhange [60℄. The airway reopening often takes plae spontaneously as theliquid olumn breaks up into droplets. This eet is known as Rayleigh instability [42℄. Inreferene [42℄ it was shown that, if frequeny and amplitude are suiently large, airwaylosure does not our.In the ase presented here, the osillatory ow in a rigid tube with liquid-air interfaerepresenting an airway olusion is investigated. The liquid break up onditions for vary-ing frequenies and amplitudes are analyzed. The ow at the interfae is furthermoreinvestigated sine it is haraterized by steady streaming. This mean ow is induedby tangential stress at an interfae or boundary layer [41, 62, 81℄. The steady streamingpatterns are analyzed by means of PIV-measurements and visualized diretly by super-position of subsequent images. The onlusions about steady streaming in this simplegeometry ould be used to assign them to the streaming behavior in the lung bifura-tions. The inuenes on steady streaming in the human lung are not fully understood,yet. The qualitative streaming patterns in a single bifuration were suggested by Haseltonand Sherer [43℄, based on the spreading of a liquid bolus in the bifuration and theoretialassumptions. The veloity vetor patterns of steady streaming in the human lung havenever been visualized.7.2 Experimental modelOsillatory ow is investigated in a vertially oriented tube of 500mm length with an openend at the top at ambient pressure (Fig. 7.1). Up to the height of y = 400mm the pipe82














. (7.1)Here, u denotes the harateristi ow veloity. When Ca ≫ 1 the ow is dominatedby visous fores [39℄. Here, the maximum Capillary number is Ca = 0.2 based on themaximum ow veloity. Hene, surfae tension dominated eets an be assumed nearthe interfae. 83




, (7.2)is furthermore important. For the variable l, the osillatory amplitude is set here asthe harateristi length. Sine osillatory ow is investigated, the Womersley number
α is used here again. The ow investigations were performed for dierent osillatoryamplitudes and frequenies.All relevant ow parameters, used for the experimental analysis of the interfae ow, aregiven in Tab. 7.1. The Reynolds number was not used here, sine the ow is dominatedby surfae tension eets and not visous fores. Additionally, the Reynolds number isalso based on the ow veloity whih is already onsidered by the Weber number.Case No. Frequeny Amplitude Womersley Weber(Hz) (mm) number α number We1 10 0.5 8.5 0.0182 10 0.7 8.5 0.0493 10 1.0 8.5 0.144 10 1.25 8.5 0.285 10 1.5 8.5 0.496 10 1.75 8.5 0.778 15 0.5 10.5 0.0419 15 0.7 10.5 0.1110 20 0.63 12.1 0.1411 25 0.5 13.5 0.1112 30 0.5 14.8 0.16Table 7.1: Experimental settings and values of the harateristi ow numbers at theinterfae of osillatory tube ow.For these parameters steady streaming ow at the interfae was investigated in detail. Forow haraterization PIV (Partile image Veloimetry) measurements have been arriedout. Therefore traer partiles (Fillite, hollow spheres) with a mean diameter of 20µmwere added to the liquid and the enter plane of the pipe was illuminated by a 10mJNd:YAG high speed laser (Pegasus, NewWave) with a wavelength of 532 nm. Images werereorded using a high speed amera (Photron, Fastam PCI 1024). In order to visualizethe steady streaming, phase loked images were taken. Therefore, a trigger signal wasreeived from an aelerometer (KD 35, Metra Meÿ- und Frequenztehnik, Germany)84







tanh(kmnh). (7.3)Here, g denotes the gravity, h is the liquid depth and kmn is the wave number and the









Jm(kmnr) is a Bessel funtion of the mth order. The zeros of equation 7.4 give theaxisymmetri and asymmetri modes, respetively. The values alulated from equation7.3 are valid only for the invisid ase. In order to inorporate damping by visosity85
7.3 Resultsthe parameter δ, denoting the ratio of atual to ritial damping, is introdued aordingto [44℄ . The natural frequenies are shifted to lower values due to the inuene of visosity.A new, visous-shifted frequeny ω̂mn an be alulated aording to
ω̂mn = ωmn(1− δ). (7.5)The foring amplitude A0 at whih instability ours is [44℄










. (7.6)In equation 7.6, ω is the exitation angular frequeny, k1 and ω̂1 are the wave numberand visous natural frequeny of the n = 1 mode, respetively.Fig. 7.2 exemplarily shows the stability hart for the harmoni mode k01 with and with-out damping, i.e. for the invisid ase and the visosity of the liquid used during ourexperiments. Furthermore, a stability urve for a ylinder of smaller radius (R = 1mm)is added. As shown in Fig. 7.2, in ase of no damping (dash-dotted urve), i.e. visosity



























k01, ν = 31 ⋅ 10−6 m2/s, R = 6mm
k01, ν = 31 ⋅ 10−6 m2/s, R = 1mm
k01, ν = 0
Figure 7.2: Instability hart for the harmoni mode k01 for the onditions applied in theexperiment (dashed line), smaller pipe radius (solid line), visous free ase(dash-dotted line).is redued to zero, the natural frequeny is slightly shifted to higher values. However, theexitation amplitude to indue instability dereases to zero. Hene, the lower the visosityof the obstruting liquid, the better reruitment an be realized. If the tube diameter is86
7.3 Resultsdereased (Fig. 7.2), solid urve), higher exitation amplitudes are neessary to indueinstability. That means, if liquid bridges our in the smaller airways, larger amplitudesare neessary for suesful reruitment. However, as mentioned above, higher amplitudesare oupled with higher tidal volumes whih an indue additional lung injury. In orderto avoid that, higher frequenies at lower tidal volumes are applied (HFOV).In Fig. 7.3 the analytial results for several modes (symmetri and asymmetri) are pre-sented. For frequenies below 10Hz, instability ours only at very high amplitudes. Asthe frequeny inreases, a minimum amplitude of about 0.2mm at 30Hz is neessary toindue a harmoni instability. As the amplitude further inreases, single modes an notbe separated anymore. A superposition of harmoni and subharmoni osillations willrather our. The points, at whih instability of the free surfae ould be observed ex-
Figure 7.3: Instability hart for several modes of k, experimental data added by singleirles.perimentally, were inluded for distint frequenies in Fig. 7.3 (single irles). Below afrequeny of 20Hz instability ould not be observed in the experiments, sine the maxi-mum exitation amplitude realizable with the shaker was 1.75mm, only. It is assumed,that instability ours only at even higher amplitudes for f 6 15Hz. The experimentalvalues of the orresponding frequenies and amplitudes, at whih instabilities were in-dued, are summarized in Tab. 7.2. The free surfae behavior for beginning instabilitiesat frequenies from 20Hz to 40Hz is shown in Fig. 7.4.87
7.3 Results Frequeny Amplitude(Hz) (mm)20 0.6625 0.730 0.5535 0.2840 0.25Table 7.2: Frequenies and amplitudes at whih free surfae instabilities start to our.
Figure 7.4: Visualization of the free surfae ontour for varying frequenies of the piston atwhih harmoni and subharmoni instabilities our, a) 20Hz, A0 = 0.66mm,b) 25Hz, A0 = 0.7mm, ) 30Hz, A0 = 0.55mm, d) 35Hz, A0 = 0.28mm, e)
40Hz, A0 = 0.25mm.For 20Hz and 25Hz (Fig. 7.4 a) and b)) strongly asymmetri surfae ontours an be seen.It was further observed that these shapes osillate with half of the exitation frequenywhih learly indiates subharmoni behavior. Furthermore, as an be onrmed by thestability hart in Fig. 7.2b), several harmoni and subharmoni modes are superposed,while the subharmonis dominate. The observed instability at 30Hz ((Fig. 7.4 )) suggestsharmoni behavior whih an also be onrmed by the instability hart (Fig. 7.2b)). Here,the value of 30Hz is on the urve of the rst harmoni mode (dashed line). At 35 and88
7.3 Results





















Figure 7.5: Veloity vetors below the free surfae for f = 10Hz and smax = 1.00mm, a)averaged result of the steady mean ow, b) superposition of partile imagesfor 35 subsequent periods, ) typial vortex pattern (shematially).It an be seen that vortial strutures have been generated onsisting of a toroidal vortexin the tube enter if onsidered as axisymmetri ow and a smaller outer vortex ring nearthe wall with opposite rotation to the larger vortex. The streaming veloity is more thanone order of magnitude smaller than the maximum piston veloity. Both vorties arestrethed in vertial diretion, while the smaller vortex is further strethed in length upto three times of its diameter. The existene of the vorties suggests the existene of adouble boundary layer as desribed by Gaver and Grotberg [38℄ for a tapered hannel.A good qualitative visualization of the vortex ows provides the superposition of subse-quent partile images shown for 35 periods in Fig. 7.5b). It an be seen that the streamingow extension is about one diameter into the pipe. Below, the inuene of the free surfaehas vanished and the analytial solution for osillatory pipe ow (see e.g. [105℄) an be89
7.3 Resultsapplied. The typial vortex pattern is shown shematially in Fig. 7.5). It an be as-sumed that qualitatively, this streaming pattern an be found for all bounded osillatoryows, i.e. in liquid bridges (see e.g. [81℄) or near an end wall [41℄.Variation of the Weber number WeIn the following the variations of streaming patterns and veloity are analyzed for dierentvariations of the harateristi parameters. The streaming patterns at onstant Womersleynumber of α = 8.5 and inreasingWeber numbers (see Tab. 7.1), i.e. inreasing osillatoryamplitude, are visualized in Fig. 7.6 by partile path lines. The formation of two ounterrotating vorties an be identied very well in this illustration.
Figure 7.6: Superposed partile images for 35 subsequent periods at α = 8.5 , a) We =0.018, b) We = 0.049, ) We = 0.14, d) We = 0.28, e) We = 0.49, f) We =0.77.In general, unbounded osillatory pipe ows with onstant Womersley number are har-aterized by an idential veloity prole in axial diretion and therefore the same stokeslayer thikness [105℄. The path lines of the partiles suggest only small hanges of theharateristi streaming patterns. Inreasing amplitudes lead to an inrease of streamingpenetration depth into the tube. For small amplitudes (Amax = 0.5mm, Fig. 7.6a)) theaxial extension of the vorties is only about 0.5D below the free surfae. As the amplitude90
7.3 Resultsinreases up to Amax = 1.75mm (Fig. 7.6f)) the axial extension of the inner vortex hasalmost doubled. The axial extension of the outer vortex, however, remained onstant.In order to quantify the streaming veloity, the proles of the axial veloity omponentat the axial position of the maximum streaming veloity are shown in Fig. 7.7. Here,





























0.5mm, We = 0.018
0.7mm, We = 0.049
1.00mm, We = 0.14
1.25mm, We = 0.28
1.50mm, We = 0.49
1.75mm, We = 0.77Figure 7.7: Axial veloity proles at the loation of the maximum streaming veloity at
α = 8.5 for dierent amplitudes.bidiretional streaming an be observed, with the maximum streaming veloity in the pipeentre direted to the bottom entrane (negative y-diretion). The shape of the veloityproles is similar for all amplitudes. However, it an be seen that for inreasing Webernumbers the streaming veloity in the pipe enter has strongly inreased. A doubling ofthe Weber number leads approximately to a three times larger value of the axial streamingveloity in the pipe enter. Nevertheless, the overall streaming veloity is very low witha maximum of 8% of the maximum osillatory veloity (piston veloity). The maximumstreaming veloity was observed at a dimensionless axial distane of y/D = 0.3 from theinterfae.Variation of the Womersley number αAs the results for onstant Womersley number have shown (Fig. 7.7), the streamingveloity inreases at higher Weber numbers. Hene, for the subsequent measurements, theWeber number was kept onstant at We = 0.14 and the Womersley number was hangedfrom α = 8.5 to α = 17. Note that, in order to keep the Weber number onstant, theosillatory amplitude A had to be redued at higher Womersley numbers. The streaming91
7.3 Resultspatterns are presented in Fig. 7.8.
Figure 7.8: Superposed partile images for 35 subsequent periods at We = 0.014, a) α =
8.5, b) α = 10.5, ) α = 12.1, d) α = 13.5.It an be seen that the penetration depth of the streaming patterns dereases for higherWomersley numbers (due to lower exitation amplitudes). Additionally, the vortex pat-terns have hanged. For lower Womersley numbers the vortex is axially strethed (Fig.7.8a) and b)). The ross setional shape orresponds to an ellipse. As α inreases theinner vortex hanges into the shape of a triangle (Fig. 7.8) and d)). The radial extensionof the outer vortex however inreases. Consequently, the size of the inner and outer vortexis not related to the stokes layer thikness whih dereases at higher Womersley numbers.The veloity proles at the axial position of the maximum streaming veloity are presentedin Fig. 7.9 for onstant Weber number of We = 0.14.It an be seen that the maximum streaming veloities are onstant for all Womersleynumbers. Consequently, higher amplitudes ompensate lower frequenies at onstantWeber number in order to keep the maximum streaming veloity onstant. Therefore,sine the penetration depth of the streaming pattern dereases as the amplitude dereases,it might be advantageous to inrease the amplitude, i.e. the tidal volume, rather than theventilation frequeny to ahieve eetive exhange of mass via liquid bridges. As already92
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25HzFigure 7.9: Axial veloity proles at the loation of the maximum streaming veloity at
We = 0.14 for dierent Womersley numbers.stated by Fang et al. [27℄, steady streaming eets are more enhaned by inreasing tidalvolume. The inuene of frequeny is only marginal.Variation of the Boundary onditionsIn order to onrm the inuene of the free surfae, a plate was put on the surfae andthe streaming pattern was observed for dierent Womersley numbers (frequenies) butonstant amplitude. The results are shown in Fig. 7.10a) and d). The Womersley numberinreases from 10 to 15 but the streaming pattern remains onstant sine the free surfaeinuene was suppressed at the wall. The Weber number is not relevant and hene, notgiven for Fig. 7.10a) and d).For the ases depited in Fig. 7.10b) and e), the Womersley number was again inreasedfrom 10 to 15, but here, a free surfae exits. As an be learly seen, the streaming patternshave strongly hanged whih indiated the strong inuene of the Weber number. Foradditional analysis of the inuene parameter on steady streaming, another liquid wasused with a lower kinemati visosity of ν = 15 · 10−6mm2/s (Fig. 7.10)). The Webernumber is We = 0.041, the Womersley number is α = 15. Hene, the Weber numberorresponds to the ase shown in Fig. 7.10b), the Womersley number to the ase shownin Fig. 7.10e). The streaming pattern is again ompletely dierent from both ases.Consequently, a mixture of both, Womersley and Weber number, ontributes to a typial93
7.3 Results
Figure 7.10: Visualization of steady streaming patterns a onstant exitation amplitudeof A = 0.5mm, a) liquid-wall interfae, α = 10.5, b) free surfae, α = 10.5,
We = 0.041, ) free surfae, α = 15.0, We = 0.041, d) liquid-wall interfae,
α = 14.8, e) free surfae, α = 14.8, We = 0.162.streaming pattern.The maximum streaming veloity, determined for eah ase presented in Fig. 7.10, isdepited in Fig. 7.11. For the ases with wall, the streaming veloity is similar and verylow. Whereas those ases with a free surfae are haraterized by a higher streaming ve-loity. This suggests an ampliation of steady streaming due to free surfae instabilities.Higher Womersley numbers (e.g. by lower visosity) lead to higher streaming veloity.
94
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α=14.8, wallFigure 7.11: Axial streaming veloity for varying boundary onditions.






. (7.7)The variable u′i denotes the utuating veloity in the diretions of xi aording to theEinstein notation (i = 1, 2, 3). Fj represents the net rate of hange of xj-momentum in the
xi diretion [67℄. Sine, the PIV-data are only available in a plane, the fore is alulated
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. (7.9)The dierential equations 7.8 and 7.9 are disretisized by a Central Dierening Sheme(CDS), sine veloity data are only available on a disrete grid. The proedure is rstto alulate an average veloity eld from all data. Then determine the utuations u′1and u′2 at eah grid point and insert them into the disretized form of equations 7.8 and7.9. The resulting vetor eld Fj is illustrated in Fig. 7.12. The olor ontours representthe relative fore magnitude. Fig. 7.12 reveals a similar vortex struture as reeived
Figure 7.12: Vetor eld of the Reynolds stress, olor ontours represent the relative foremagnitude F/Fmax.diretly by the phase loked measurements. Hene, the assumption, that the Reynoldsstress auses steady streaming ould be onrmed. Note, that this alulation for twospatial diretions is only possible due to the axisymmetri nature of the ow. For a fullythree-dimensional ow, suh as the ow through the human lung, the third omponent isneessary. Based on this knowledge, the steady streaming ow ould be visualized diretlyfrom the veloity eld in the human lung.96




Chapter 8. SummaryIn the studies presented here, the ow in the upper airways of the human lung was inves-tigated experimentally as well as numerially for normal breathing onditions and highfrequeny osillatory ventilation (HFOV) onditions. Therefore, a lung model onsistingof 6 generations was generated whih allowed exat omparison between experimentaland numerial results. The model geometry is based on data from a real lung with athree-dimensional struture. Hene, the model is very realisti and the ow phenomenaourring in a real lung ould be reliably reprodued. Flow harateristis in the humanlung whih were found in the literature ould be onrmed with this model.One restrition of the model is that the airways from the mouth to the larynx are notimplemented. These parts of the airways have a strong inuene on airow into thetrahea. However, the main interest of this work was to ontribute to an improvementof the tehnique of mehanial ventilation. For the ase of mehanial ventilation anendotraheal tube is used. Sine the usage of a tube also leads to highly stohasti inowsituations depending on the tube position it was not implemented here. The main fouswas on the dierene in ow partitioning and ow struture aused by the parametervariation of e.g. Reynolds and Womersley numbers in the branhing network.For the experimental analysis, the model was made from transparent silione in orderto perform optial ow measurements. Here, the method of Partile Image Veloimetry(PIV)-measurements was used in the rst study, in whih ow patterns of the upperairways ould be analysed. Novel insights, in partiular details of the veloity patternswere found and analyzed for varying frequenies.With the same geometry used for the experiments, numerial ow simulations have beenarried out using the open soure ode OpenFoam. The validation with experimental re-sults of the upper main branhes revealed good agreement between both methods. Hene,the numerial simulations ould be used to analyze the ow in regions that were not a-essible for experimental measurements. Three-dimensional strutures of the veloitypatterns in the omplete lung model ould be analyzed whih, to the best of our knowl-edge, was not reported before. The loation of the maximum veloities is not only shiftedfrom inspiration to expiration but also twisted. The development of seondary vortieswithin the branhes ould be explained in more detail by the illustration of the Heliity.Thereby, helial vorties ould be visualized. Espeially, the development of loverleaf-like seondary patterns whih our during expiration, has been rst explained. It wasfurther shown that all veloity patterns rather depend on the loal geometry but are notinuened by the upstream ow. Hene, it is reasonable that similar ow patterns ould99
Chapter 8. Summaryalso be observed with single bifuration models.Considering ow partitioning, i.e. the distribution of mass between the branhes, theresistanes and omplianes of the downstream branhes are very important. Therefore,the three-dimensional geometry with a large number of generations is neessary. Forinvestigation of ow partitioning, a new visualization tehnique was developed. Largertraer partiles were added to the ow and visualized by bakground illumination withparallel light and a teleentri lens set-up. The advantage of this visualization methodwas, that eah image has the idential light intensity. The only dierene between theimages was the position of the partiles represented by blak dots. For eah setting avery large number of images was aquired. After image proessing and superposition ofall images of one parameter set, a representative probability distribution of the partileswas reeived whih indiates the ow partitioning. The inuene of dierent Reynoldsand Womersley numbers (frequenies) on ow partitioning was investigated. Thereby,the tidal volume was always below the dead spae of the model whih was in aordanewith the High Frequeny Ventilation (HFV) tehnique. It was found that partiles (allpartiles were injeted at the top of the trahea) always pass the omplete lung modeland leave the model at the distal end. Even if the tidal volume was only half of the deadspae. Higher Reynolds numbers lead to ow inhomogenization, i.e. preferred pathwaysthrough the medial branhes, whereat higher Womersley numbers ause homogenization.The inuene of the tidal volume is less important for mass transport. It was foundthat for dereasing tidal volume but higher Womersley numbers, mass transport is stillenhaned. This allows to onlude that steady streaming, whih is enhaned at highertidal volumes, does not play a dominant role for mass transport through the human lung.The ompliant endings as ourring in a real lung were taken into aount in the thirdstudy in whih the opening behavior of a partly ollapsed lung was simulated by rubbermembranes. For better quantiation of the membrane behavior a single bifuration wasused at whih the membrane was xed at one open end. The other branh was left open tothe ambiene. It ould be shown that a higher frequeny leads to an enhaned reruitment(membrane opening). This an be explained by two fats. First, higher frequenies ausehigher pressure in the lung airways. Seond, larger frequenies also inrease the Reynoldsnumber and hene, the pressure loss (resistane) in the lower airways. That means, forlow frequenies, the ow partitioning is governed by the ompliane of the dierent lungregions, i.e. material parameters. For inreasing frequenies uid mehanial parameterssuh as fritional and inertial fores dominate ow partitioning. Furthermore, the further100




Chapter 9. OutlookEven though the human lung ow has been intensively investigated, there are still openquestions. For example, the steady streaming ow whih was frequently attributed to beimportant for gas exhange in the human lung is not well desribed up to date. Therefore,the three-dimensional numerial results ould be used to alulate the steady streamingpatterns in the human lung aording to the study at the osillatory tube interfae. Thehallenge is here the three-dimensional nature of the human lung ow.Furthermore, it was shown, that the human lung model, used here, inorporates a realistigeometry. Nevertheless, some features have not been implemented whih ontribute to aneven more realisti lung behavior. These are among others, exible airways, the airwaysfrom mouth/nose to the larynx or a higher number of generations. Espeially the numer-ial ow simulation provides a great potential for further analyses. A rst approah is toextend the grid ell number in order to reeive a better resolution of the ow patterns.A exible lung geometry ould be implemented by using uid-struture interations. A-ording to Wall et al. [112℄ airow patterns were quite dierent from ow simulationswith sti walls, despite a hange in ross-setional areas of only 2%. But, they alsoreported, that the hange in ow distribution is moderate. Nevertheless, to implementuid-struture interations is a quite hallenging task sine many simulations run unstableor ineient [112℄.A further extension of the numerial model ould be ompliant endings whih inorporatethe behavior of a lung with ollapsed regions. A nal aim of suh simulations should bea patient spei suggestion for the ideal ventilation tehnique.Neutral buoyant partiles an be added to the ow to reeive more insights into ow parti-tioning as already investigated experimentally. A numerial simulation using partiles hasalready been started and preliminary results show a distribution behavior that stronglydepends on the initial position of partiles within the lung model. Partiles starting nearthe trahea wall travel preferentially to the outer branhes, partiles initially loated inthe trahea enter propagate into the medial branhes. Furthermore, the deposition ofpartiles an investigated by induing partiles of dierent diameter and density. This isimportant for drug delivery or inhalation of toxi partiles. Also the laryngeal geometryould be implemented whih simulates the non-intubated ase of normal breathing orbreathing with the mask.The experimental model ould also be extended by artiial ilia (tiny hairs on the surfae)and muus whih strongly inuene the partile transport in the human airways. This is103
Chapter 9. Outlooka very interesting but also hallenging task.The inuene of the distensibility of the trahea on the distribution of mass in the humanlung ould be further analyzed.
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